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ABSTRACT

Results of an experimental and analytical iny_estigation of water heat

pipes are presented. Eight water heat pipes used as radiating fins and eight

water heat pipes having an adiabatic section and a condenser were investigated

while in or near a vertical position. Different heat inputs were applied to

maintain steady-state operation of the heat pipes at temperatures of approxi-

mately 200" F_,____250° F, 300 ° F, and 350 ° F. A dat,t acquisition system was

used to record heat inputs, surface temperatures, interior temperatures,

and pressures of the heat pipes.

Governing equations were developed for water heat pipes. These

governing equations were programmed for a digital computer so that the

effect of parameters contained in the equations could be studied. The param-

eters studied are permeability, apparent contact angle, and length of the

adiabatic section. Solutions of the governing equations and the parametric

studies are presented in graphical form.



The design and fabrication of the heat pil___s.!s described. An assembly

procedure designed to prevent contamination of the vapor space of a water heat

pipe is presented. Experimental results are given for determining the

permeability of 100- and 250-mesh stainless steel screens that were used as

wicking material for the heat pipes.

A high altitude simulation system was used when testing the eight

water heat pipes as radiating fins. From experimental data, comparisons

were m'_de for these water heat pipes. The comparisons, which are presented

in the form of graphs, are as follows. Thermal conductivity of water heat

pipes, temperature profile of a water heat pipe. versus a_s01id rod of

comparable material and dimensions, the effect of the length-to-diameter ratio

on heat input, variation of heat input to wick thickness, heat input per potmd of

weight, and analytical results versus experimental results.

The eight water heat pipes having an adiabatic section were tested as a

conductor between a heat source and a heat sink. Experimental data obtained

were reduced and presented graphically as follows. Thermal conductivity

of heat pipes, effect of length-to-diameter ratios on heat inputs, variation

of heat input with wick thickness, heat input per pound of weight, and analytical

results versus experimental results.

The results of this study show that, for water heat pipes used as

radiating fins, the analytical analysis and the assumptions therein are justified '

by the agreement with the experimental data for a temperature range of

200" F - 350 ° F. Also shown by this stuay is that, for wa_r heat pipes having



an adiabatic section, the analysis and the assumptions therein are most

applicable for a temperature of approximately 250" F. Other results are that

heat pipes increase the heat transfer rate when used as radiating fins or

conductors, heat pipes are weight-saving devices, the magnitude of the

radial Reynolds number has little or no effect on heat pipe design, and the

study of the heat addition and rejection profile of a heat pipe shoui.d be extended

so that heat pipes could be more efficiently designed.
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A. Definition (_f a tTeat .l_ipe

Heat pipe technology has advanced rapidly to Jt_' l;t'esent state since it

was "reinvented" in the early 1960's. A heat pipe is a self-contained device

that achieves very high thermal conductance by means of two-phase fluid flow

with capillary circulation. It is a device that depends upon the evaporation of

a fluidat one end and the condensation of the fluid at the other end to transfer

heat. The transportation of matter from the evaporator to the condenser is

accomplished by vapor flow'. The flow from the condenser to the evaporator

is by capillary flow of a liquidthrough porous material. The space through

which the vapor flows is referred to as the vapor space and the porous

• material is referred to as the wick.

Heat transfer by a heat pipe is accomplished by changing the states

of a material from its liquidphase to a vapor and then from a vapor to its

original state. The two modes of heat transfer most often considered Ira"

heat pipes are conduction and radiation. When radiation is the mode of heat

transfer, the pipe is heated at one end while the remainder of the heat pipe

is exposed so that heat may be radiated from the exposed surface to the



",_lrrt)tmding space. If conduction is the mode of heat transfer, heat is applied

:_t one end of the pipe and a condenser is connected at the opposite end to

rcnlove the heat.

The heat pipe was first introduced with a configuration very similar

io the _)ne used at the present. A typical configuration is depicted in Figure 1. ¢:

_roa _- wacK
"_" CONTAININGENVELOPE

g

/_.
_L

FIGURE 1. CONFIGURATION OF A HEAT PIPE

B. Survey of Literature

A patent by Gaugler [i] was entitled t'Heat Transfer Device," and the

device described therein is now known as a heat pipe. This patent was filed

December 21, i942 and granted June 6, 1944. The principle of the device

was to evaporate a liquid at a point above where it was being condensed,

without doing additional work to lift the liquid to where it was being evaporated.

From this patent arose the concept of a closed container with a

wicking material using capillary action as the driving force when a volatile

liquid was being evaporated and condensed. In this patent an example is



described usi.ngm_hydrou _ ammt)_lia ,q:-_the workin_ fluid :_.nd :_intr;rt_fi l_nwdered

iron.s.sthe capillary stnlct%tre. The :atI:hordepicted _-:evo,.'n[c_ml]!::,i:i':il.i.(_n,_

of _he capillary stl_ict_u'e.The primnry appl.[eatic.n_dv,_,..Itedby (.:_,IAl_r

was transferring heat in refrigeration systemics.

Giflt:rd [2] descrfbe(l.:i(lev_.ee:dmi.l_rrt(,:_he:,tpipe. '.l.'hedevice
i

was _ thermal cheek v[dve for use in he1:hlm or hy(ir_[,>_nliquifier,::,

refrigerators for various electronic devices, e:m/./,)p|:_mping,and stora;_t,

dewars. For these-applications itwas desirable for th.edevice to prn,:.hl('

heat flow in one direetion only, The device described consisted of a :small.

stainless steeI_tube toldwas capable _,ftrmlsferr.i,,_l.:,r[&'erqu_q.ntitie.._o.17

ileatthan a copper rod.of comparable size,

After the heat pipe was "reinvented" the firstwork reported was to

determine experimentally the heat transfer capability of heat pipes [3]. A

water heat pipe (30 centimeters long) and two liquid sodium heat pipes (30

i
centimeters and 90 centimeters long, respectively) were subjected to tests to

detez.-mine the maximum heat input. Wicking material used was either

stainless steel screen or porous Ahmdum tubes. Heat transfer was by

radiation and temperature profiles were .obtained Iior the 90-centimeter-lon_:

heat pipe. In nbtaining these temp(_r:_ture pro['ilc_, Grover, et ai. acc(_nt,_d

for the sharp drops at the m_eated end of the heat pipe as being due to

hydrogen generation. The conclusion arrived at by them was that 30 watts/

centimeters 2 was the maximum heat input rate. It was u_ncJ.uded _,hat this

maximum rate was restricted by the deformation or dr_ _:,; n.[ the _\ ink.



_J

A report by Cotter [4] was the first attempt to develop a quantitative

engineering theolly for the design and performance analysis of heat pipes.

Employing simple physical laws, formulas and data developed in References

5, (;, and 7, and engineering judgement, Cotter developed expres_ ,s for the

vapor pressure, maximum height of capillary rise, pressure gradient in the

axial direction, and the amount of heat transferred. Two of the assumptions

ingle by Cotter [4] were that the viscous losses _n the vapor space m_d the

wick were eciual and that no boiling occurred in the wick. This work and the

experiments mention-cd above contributed much to the understanding of the

mechm_ics involved in the opera tio_ of heat pipes.

In addition to Cotter [4], Marcus [8] did important theoretical work

in heat pipe analysis. Marcus developed an expression for optimum wick

thicl_mss _lus the other expressions essential in heat pipe analysis. This

work was based on the assumption that viscous forces in the vapor are

negligible m_d that boiling occurs in the wick. Through his efforts, knowledge

of heat pipe analysis was extended, and an alternate method was developed for

determi_i_g important parameters in heat pipe design.

With the basic theory of heat pipe_ established, Deverall [9] was

one of the first to apply the heat pipe to a specific use. A heat pipe, 29 5/8

inches long and 3/4 inches O.D., was constructed and experimentally qualified

to transfer heat isothermally from m_ externally meunted radioscope to the

electronic component section of a satellite. This heat pipe consisted of a

stainless steel tube, a 100-mesh stainless steel screen wick, and distilled



watep "_s:ti_._.,v ovMng fht[d. ,.q_me of the proc, edures .inpo_mat to heat pipe

assen_t_h and olJeration_ ,q,'_. discussed in this :t:cport [9]. Results of one of

the te.,-.,i,,q_;ht_wed that the l_c_:ltl_il3e was essentially J.sothernln,1 at 199" F ore1: its

length with a heat input _f 10')., 8 watts; 95 watts were transferred to the

cooling water.

In 1965, Ranken and Kemme [10] summarized the Los Almnos an_!

Euratom heat pipe investigations for the preceding period. They presented

and discussed the theory m_d types of heat pipes constructed prior to iDGS.

Available test data were also discussed.

Clayton, [Ii], and Kemme, [12, 13], experimentally determined

operating characteristics of heat pipe,_. Clayton experimented with water

heat pipes of two different lengths, 24 inches and 48 inches. In the water

heat pipes, the following parameters were varied:

(i) Applied heat load

(2) Wick thickness

(3) Liquid sump (liquid in excess of the quantity required to fill the

capillary structure)

(4) Effect of negative gravity

(5) Heater area.

Kemme experimented with heat pipes, 3/4 inch O.D. and 12 inches long, aa_d

_ varied the following parameters:

(I) Applied heat load

(2) Operating fluid (potassium and sodium)



6

(3) WJ¢'k configuration (channels, loose-fitting screen, tight-fitting

screen, and a combination of screen and channels).

Clayton [11] and Kemme [12, 13] agreed that maximum performance

of heat pipes could be predicted with some confidence using existing heat pipe

equations. Clayton [11] concluded that contaminants in the pipe degrade

performance and that a liquid sump is necessary for a satisfactory perform-

ance. Kemme concluded that heat transfer characteristics of heat pipes could

be changed significantly by varying wick structure and that heat transfer

capability of heat pipes could be substantially improved by the use of a t_vo-

component wick.

References 14, 15, and 16 present data useful in designing heat pipes.

The data presented are properties or combinations of properties of fluids and

wicking material used in heat pipes.

In References 14 and 15, two similar approaches to designing heat

pipes are presented. Both are modifications of designs previously described.

In these designs, there is a grouping of properties that optimize heat transfer /

in heat pipes. The data are exhibited in the form of graphs. V

One of tlm first investigations for applying the heat pipe concept to t/ _ '
V /,

spacecraft thermal control problems was conducted by Katzoff [17]. This

report reviewed the theory of heat pipes, some possible applications, design

computations, wick characteristics, multifiuid operation, and other areas

in which research and development are needed.

Three possible applications subjected to mathematical analysis by

Katzoff [17] are:



(i) Maintenance of an evacuated cylinder at a tmiform temperature

by lining the inside surface with a ._saturated capillary structure

(2) Transfer of heat isothernmlly between parallel plates

('3) Improving temperai,ure uniformity of an irradiated cylinder by

wrapl)ing hual pipes around the circumference at equal intervals.

An orbital experiment was conducted [ 18] to demonstrate that a heat

pipe will operate, as predicted, in the absence of gravitational forces. The

heat pipe was 12 inches long, 0.75 inch O. D,, and constructed of a stainless

steel tube lined along its full length with a i00-rnesh stainless steel screen

wick. Water was used as the working fluid. The heat pipe was operated in

an earth orbit, and its performance was monitored by telemetry of several

tracking stations during 14 revolutions. Heat was supplied to the heat pipe

by a 10-watt electric heater.

The results of the orbital expe_riment indicated that the absence of

gravitational forces does not affect the performance of a heat pipe. The

start-up and equilibrium operations were similar to tests in a gravity field.

Reference 18 contains a useful assembly and cleaning procedure for

heat pipes.

, Hasldn [19] made the first investigation for a heat pipe operating

below room temperature. The heat pipe was 33 I/4 inches long, 3/4 inch

O.D., and constructedof a stainlessstceltube linealongitsflllllengHlwiti_

an Avrilrayon clothwick. Nitrogen was used as the working fluid.Heat

loads of up to 130 watts were transferredaxiallyinthe heatpipe.



Re:_,.1]1,_of this effort show that a heat pipe using nitrogen can transfer

heat loads _I_J 00 watts with about half the temperature drop of a solid copper

rod of coJ_l_:_,'ab1_' size. The heat pipe was sensitive to inclinations from the

horiz_u_f_,J ._,..,il:,,, !_e,cause, <ffthe weak capillary acti¢m that is du.e to the. ].,_w

sttrJ!at,(, |,,J_s._,_, , i [iqi.li,I _,;Irogell. A. :_cvere problem was encountered when _f

the evaporator surfac_ oi,{'J'ating temperatures were near the critical tempera-

ture of nitroge1_ owing to the formation of a vapor film.

Anm_d and Hester [20] did analytical and experimental work with heat

pipes and areas associated with heat pipes. The experimental program was

to determine a suitable method of control for the heat pipe and to establish

suitable wick/fluid configurations for certain temperature ranges. Sufficient
..

understanding of heat pipe operation and fabrication methods was Required to

allow.the .design of a heat pipe for thermal control in a spacecraft application.

Neal [2!] reported the results of a number of heat pipe experiments

using various wick structures. Also, included in his report was a development

of heat pipe design equations and a discussion of various working fluids for

heat pipes.

Two_heat pipe systems were designed, operated, and evaluated :sing

wicks of refrasil, stainless steel screen, and sintered copper fiber. '_'he

first was 16 inches long, i i/2 inches O.D., and constr_._.eted of a copper tube

lined along its full length with a i/8-inch thick sintered copper fiber wick.

Water was used as the working fluid. The second heat pipe was 24 inches

long, 3/4 inch O.D., and constructed of a stainless steel tube with wicks of
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refrasil and stainless steel screen. Either water or ethyl alcohol were used

as the working fluid in this pipe.

In general, the condenser was cooled with water from the building

supply at about 68 ° F for both heat pipes; however, some experiments were

made with refrigerated coolant in order to observe the heat pipe operation as

the working fluid froze in the wick. :['he startup of an initially frozen heat

pipe was also conducted.

Results from this report [21] are as follows:

(l) The thermal conductivity of nonmetal wicks is too low for their

use in heat pipes designed to transfer large heat loads.

(2) Wicks of refrasil should be bonded to the pipe wall to decrease

the resistance to energy transfer.

(3) The relative limits for water and ethyl alcohol were predictable

from the hydrodynamic theory.

(4) Liquid with large intermolecular forces are good heat pipe

working fluids, because they exhibit high surface tensions and possess latent

heats of vaporization.

(5) The power limitations of ihea,t pipes studied were due to

limitations on capillary pumping.

(6) The stainless steel screen wicks, formed by rolling the wire on

a mandril, resulted in heat pipes _,at were not reproducible in detail.

(7) The startup of a frozen heat pipe, even at very low power levels,

may lead to a burnout.

i-
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(8) The sintered copper fiber wick possessed a large capacity for

transferring power, but the wick was not bonded to the heat pipe wall, and

the contact resistance to heat transfer resulted in a _rery large overall

temperature drop•

C. Role of the Heat Pipe in Modern Technology "

tIeat pipes can be used as a heat transfer device while acting as a

structural member. Therefore, where the heat pipe is applicable it is a

weight-saving device also. Space applications are favorable for the heat pipe

since weight saving is of prime impoz_ance in space vehicles.

Recently, considerable work has been devoted to developing the heat

pipe for application to nuclear power supplies. Heat pipes are used to transfer

heat isothermally from the reactor core to a thermionic converter some dis-

tance away and to improve the efficiency and reduce the weight of the

radiator. The use of the heat pipe in connection with a nuclear power supply

could be considered for either space or earth installations.

A potentially attractive application of the heat pipe concept [22] is to

utilize a closed heat pipe loop to absorb and reject excess of heat leaking

through cryogenic tank walls during extended storage in space. A schematic

of such a concept is illustrated in Figure 2. The working fluid used in this

type of heat pipe is a cryogen with a boiling temperature slightly lower than

that of the stored cryogen.

ir"" ., .,,,_ ............................... _ .......... _ i ......... . i .... I .......... --___
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q OUT

l HEAT PIPE
RADIATOR

INSULATION
TANK WALL
(INSULATED')

q IN HEAT PiPE COIL

.,,,-,.
STORED LIQUID

FIGURE 2. HEAT PIPE CONCF, PT TO CONTROL BOILOFF RATE

As heat leaks through the normal insulation and is transmitted to the

heat pipe in contact with the tank walls or stored cryogen, the heat pipe

absorbs and transfers this heat to the outer loop which in turn radiates the

heat to deep space. Since only part of the heat leak is absorbed by the heat

pipe, the reduotion of boiloff will depend on the percentage of stored cryogen

in contact with the heat pipe. Application of this concept could result in a

large weight savirLgs if the duration of cryogen storage is a long period.

Heat pipes may have an application in improving the temperature

uniformity of the outer surface of an object, such as a spacecraft, that is

subjected to nonumiform heating from an external source. Consider a long
,,

metal cylinder which is subjected to radiation. The skin temperature of this

cylinder would obviously be nonuniform because of nonuniform heating.

The addition of heat pipes around the circumference at regular axial

intervals will cause almost immediate transfer of heat received by

the heat pipes from irradiated areas around to the shaded areas, with
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practically no temperature drop. The heat pipes create a series of narrow

isothermal bands around the vehicle, and the. only variation in temperature

is between each heat pipe and the adjacent metal. Therefore, heat conduction

around the cylinder may be neglected, and the only appreciable heat flow in

the metal sldn will be axially between the heat pipe and the:adjacent metal.

One important application of the heat pipe is to transport heat between

a concentrated source, such as an electronic component, and a sink, such as

a heat exchanger or radiator. The heat pipe would be of greater importance

in the case where it could serve a two-fold purpose, such as where a

structural member was required between the sink and the source.

Utilization of the heat pipe as a means of improving the performance

of space radiators has been considered. Since the heat pipe is essentially

an isothermal device, it can be used to eliminate the temperature differential

between the tube and the solid fin of the radiator. The required surface area

of the radiator will be reduced, since the radiator will be radiating at a

higher temperature. When heat pipes are used in conjunction with vapor

chambers as radiators, instead of the conventional central tube and fin

design, substantial weight savings are realized.

The major role for the heat pipe is probably in space vehicles where

weight saving is so important. After subsystems of space vehicles are more

clearly defined, the applications cited here are only a few that can be :.

expected to be discovered. It is important that the heat pipe be thought of

as being in its infancy and its role in modern technology is not really

completely defined at this time.
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I). l_a_ic Princ, ip.tes

The heat pipe, as previ._)_lsl.y dell.ned a_l(l ilh_strated in Fil.,31re _,

c¢))l,'_ists of a. sealed contain(n: Lined with a wick that is saturated with a 1.iqt.ti(l

_11._,l_(l ileal" the saturati())_ i)l'(_s;-ltlre c.t)rl.'t_st)t)lldill _ I;o its ]i(llti([ I,('_ml.)t_ratur(',.

!

A'-_ lie.at :is added t() orlo t_n(l ()f l.ht_ p.il)e, l.o,rnK_l the evaporator, the l.iqui_l i)1 I

the a(Ijaccnt wick evaporates and absorbs its latent heat, Because of the

resulting difference in vapor pressure, the generated vapor flows from the

evaporator to the cooler, condensel" end where the vapor condenses onto the

wick m_d gives up its latent heat.

The evaporation of liquid at the vapor-ltcluid interface causes the

residual liquid to retreat into the capillary strueture, giving a meniscus

radius of curvature and a contact angle that are smaller in the evaporator

than in the condenser section, where the condensate is being deposited. "l_is

difference causes a pressure gradient in the liquid that pumps it through the

wick from the condenser section back to the evaporator section, thus

completing the cycle.

The heat pipe, an efficient heat transfer device, must operate within

, certain design limitations. The maxinmm total power that can be transferred

in a heat pipe of given size and with a given fluid is determined by the ultimate

pmuping capacity of the capillary structure and by the onset of fihn boiling

between the pipe wall and the wick. It has been found that the capillary pump-

ing limitation is more prevalent than the film boiling limitation if metal wick

structures are used,



'l'h_' Pl_Jt,_l_g capacity of the capillary structure clepencls on the size

arm gecmJc',tLy of _he wick, a_ well a,s on the properties of the working fluid,

t-ilic;h at; J.l.t.; l.u.l,cml, ht_a.i: c)ll v;tj_cJl'jT:M,]cm, c_ttl-facu tension, density, and v._sec._s:ity.

'l'ht_ [tliict.:itmal :c_.',lM]cmt;ll:i l) /)¢',l.w(:c;ll l.h(_ ultimate t)lttltping c:al}ac'ity ol' the wick

mlcl ](,,_;gl'_ht('I,i.'i¢:aL t'ac',tor_, _J,_;well a,_; the prot_erties of the working fluid, _

can be obtainc_l }_y a.iJl}l.ying g_:_J_:_'a.l c'onsc,'rvation equations to the system.

_L__.___--_-:_a _ _ n _ I '1 .... Pll " e' -r'-._ . "1 .... I'1...... Fi I II
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A. Static Condition

Suppose no heat is _tddo(I t() or removed from the heat pipe (Fig. l),

and the pipe is in. static equilibrim_. Then, the pressure distribution in the

liquid phase, P2 (z), obeys the hydrostatic law for an incompressible fluid;

z cos _ (1)
p_(z) : P_ (o) + p_ gc

The pressure in the vapor phase, Pv(Z), (assumed an ideal gas) has a

Boltzmann distribution, but the variation in pressure may be neglected so that

the pressure, P may be assumed constant. At the interface between the
V _

liquid in the wick and the vapor in the vapor space, the radius of the pores,

r , and the apparent contact angle, O, must be such that the surface mnsion,c

or, supports the pressure difference. Thus,

2 cr cos 0
p (z) -p_(z) = (z)' V ' r '

c

B. Steady-State Heat Pipe Regime

Consider a cylindrical heat pipe in a steady-state operat.ion. Basic

working relatioas will be derived by talcing averages over the cross secLion

of the pipe m_d by invoking simplifying assumptions.

15
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Tile conservation of mass for a fluid with density, p(z, _'), and

w,h_city, fc"(z, r), (tan be expressed as

v. pV_:.o . (3)

Since thore Js 1]o fh)w n()rmal to the outer b(_tmdaries of the liquid region,

the velocity components V and Vr, satisfy the boundary conditions,' Z

V (o,r) =V (L,r) =Vr(Z,r o) = 0. (4)z z

total axial flow of vapor, i_i., and of liquid, m,, at the axial position,The
v

Z, are

r
,V

r{_ (z) = J pv(Z,r) V (z,r) 27rr drV -,
0

(5)
r

o

m_(z) = J' p£(z,r) Vz(z,r) 27rr dr .
r

v

Applying Gauss' theorem to equation (3) in the cylindrical region

between o and z and inside r , and using equations (4) and (5)
o

The average radial and axial pressure gradients will be inversely

proportional to the flow areas in the radial and axial directions, respectively.

For pipes in which r L > r _, t._-,eradial pressure gradient, will be neglected,
V o

and it will be assumed that both the flow velocity and pressure in the liquid

depend only on z.
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The momentu:u equation for steady viscous incompressible flow with

a velocity component in the Z direction only may be written as

,, d P£ _.)2 V 3 Vz _: g
dz -_ _-P_ V -----+p_ cos/3. (7)z 3z gc

Reference 4 shows that the second term on the right side of eq_tation (7))s

negligible relative to the first and third terms. Then equation (7) may be

written in the following manner.

dP_ #_ O"

cos/3 (8)
dz ---_- W+p_ g

C

where W is the average velocity of the liquid and K is the permeability of

the wick. Equation (8) is a version of Darcy's law. Since
..

n'_:p VA, (9)

where A is the area perpendicular to the flow direction, equation (8) may be

written as

d P
, ,

d'--_--_- K 7r(1"2o r2v)Pf" + gcg pd cos /3. (10)

The dynamics oi the vapor flow is different since, in general, an

equation like equation (10) relating the local pressure gradient with the 1-,ca1

mass flow does not exist, and the initial term in equation (7) is often not

negligible.

Vapor flow in the evaporator and the condenser is similar to pipe [h,w

with injection and suction through a porous wall. The reslflts front
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Reference 5, which is concerned with flow through a cylindrical pipe with

suction m_d injection, will be used for the condenser and the evaporator.

Using the results from Reference 5 and assuming incompressilde

laminar flow with uniforn't injection or suction, regimes may be established

that depend on the magnitude of the Radial Reynolds number, R , where ':
(2

r

P r V dm
v v r i v

R = + - dz ' (Ii)
I e 2 7rPv _vr

Note that R is positive for evaporation (injection) and negative for con-e
r

densation (suction). For !It I << 1 viscous effects dominate, and the
e

r

axial velocity profile is similar to the parabolic shape for Poiseville flow.

Neglecting gravity, the resulting pressure gradient is approxhnately

dP 8#vl_lv ( R" )

v 3 ii __

dz -- 7rPv r4 l+-T Re ---270 e +... (12)v r r ,

with IRe I << 1; therefore, terms of R2e may be neglected. Equation (12) is
r r

derived with R assumed a constant and independent of z. These limJ.tations
e

r

on R are appropriate for the evaporator and the condenser of a heat pipe.
e

r

When IRe I >> 1, high evaporation and condensation rates exist and
r

the cases of evaporation and condensation differ. For high evaporation

rates, the radial dependence of velocity is not parabolic but is proportional

to cos T and the pressure decreases in the direction of flow.

When condensation rates are high, the flow is of the boundary layer type

and the pressure increases in the direction of flow due to partial dynamic

recmrery of the decelerating flow. For flow of the boundaw layer type, the
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axial velocity is constant across most of the section, with the transiti()n to

zero vehmJty occurring in a thin layer near the wall. From Reference 4 ['or

either evaporation or condensation, with the limit R -. _ lea(Is t()
r

d P s m ct _ll
v v v

- - (l'I)
dz 4" _.1 g _lz

t)V V C

4

where s = 1 for evaporation m_d s =--_ for condensation.

The Reynolds number,

Pv r V d_v z v
_ = - -- , (14)

e # 7rr #z v v v

may be used to describe the vapor flow in the axial direction. If an adiabatic

section connects the evaporator and condenser of a heat pipe, with R _ 0e
r

in the adiabatic section, then the PoiseuiiIe formula,

d P 8 d_
v gv v

, (15)---- r 4 '
dz rr Pv v

may be used for laminar vapor flow in the adiabatic section.

Flow dynamics are also concerned with the relations between the

vapor and liquid pressures and the vapor m_d ].iquid mass flows. In the

static and steady-state cases, equation (2) is appropriate. In the steady-

state case, P depends on z. The vapor and liquid mass flows are coupledv

with the liquid temperature at the interface, T(z, r ,) which also determines

" d dlt
the vapor pressure (d the liquid. P. The local condensation rate, dz

is given by llelerencc 4 as
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d_;l_ dffl a r (Pv- P)v v_ _ _ . (1(_)
dz dz _/RT/2_M

The numerical factor, _ _ i, includes both the probability of conden-

sation of an impinging vapor molecule and the roughness of the meniscus

interface formed by the capillary structure. Equation (16) may also be used

for surface evaporation except when bubbles are forming, due to boiling, in

the capillary structure.

For a heat pipe, though the amount of heat transfer may be very large,

the axial and radial temperature gradients are very small and axial conduction

terms are small compared to other terms. Using the preceding, Cotter [4]

showed that the axial transport of energy is approximately

q = x ,{_ (z) , (17)v

where k is the heat of vaporization of the fluid.

The basic equations presented in this section were taken from

Reference 4, except changes were made in some of these equations. The

major change was made in equation ( 10). The substitution of _- for

b/_
-- was made so that the propel'ties concerned could be determined
E r 2

c

experimentMly or found in tl ,-, literature.

C. Heat Pipe as a Radiating Fin

A heat pipe as a radiating fin may be defined as a heat pipe with a

heat input, q, added to the evaporator and this heat input is radiated from

the rcmmning section, the condenser, of the heat pipe. The addition and
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rejection of heat is assumed to be at a constant rate. With the basie_uations

from the previous section, the relationship between q and other properties

" may be established.

From equations (6) and (17), the vapor and liquid mass flows may

be obtained.

• 4m (z)= (z)- qv x (1_)

Consider equation (10) and assume that heat is added and rejected as

depicted in Figure 3.

L
Z=O =L

FIGURE 3. HEAT ADDITION AND REJECTION

(RADIATING FIN)

The rate of heat transfer in the axial direction is assumed to be

qe z

L , O_< z_ L e
e

q = X In = (19)V

qe(L- z)

L , L _z_Le
_ C

and
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qe z O_<Z <-L
kL ' e

e (20)
1 =-I _

v qe(L- z) L _<z_<_L
XL ' e

C

where qe is the total rate of heat transfer to the evaporator.

Using the above for _, equation (10) can be integrated to obtain the

pressure variation in the liquid.

PI(L) [ #lqe p;l I L L
Pl (o) o e Le c

+ p2 ---g--g cos _ f dz
gc o

then

gi qe L g Lcosfl. (21)

AP_= Pl(o) - P_(L) =- 2Kpikv(r2 °- r2)v - pi gc

With m given by equation (20) and using equations (11), (12), and
v

(13), the pressure variations in the vapor can be found. Two conditions,

IR I << 1 and IR I >> 1, may be considered.
e e

r r

1. IR I <<1e
r

Neglecting R2 terms, equation (12) becomese
r

v _ (22)

dz lr0v r4-v 1 +"_" Rer .
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Substitutingequation(ii) intoequation (22)yields

dP 8 #v '_v (t d _;lv_

v .. 3 (a3)
,, r4 + 8 _ tt (_ 'c!z fr l)v v v /

Substituting equation (20) iFlto equation (23) and integrating

v 8 #v . qe z 3

J' dP =- r4 XL + 87r#-----_\-_e/ dzP (o) v _Pv v ev

+ J' e( L - z L-z

e

then

4/_v qe L (24)
P = P (o) - Pv(L} - r 4 X "

v v 7r Pv v

2. IR I >>1e
r

Substituting equation (20) and s :- i, evaporator, and s = 4/v 2,

condcnser, into cquation (13), and then integrating gives

v 1 f qe dz
PJ'(o)dP =- 4Pv r4v gc o \kLe/ kL----_v

4

- r4 gc J ; L; - ;Lc 'Pv v L
e

then

_P = P (o) - Pv(L) - _,4 h2 ' (25)
v v 8 l)v v gc
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The axial heat transfer depends on the capillary forces being able to

sustain the required circulation of fluid. The maximum pressure differen-

tial betweell vapor and liquid that can be supported by surface tension in the

capillary struetttre is defined by equation (2). Then for the particular ease

of _miform heat addition and removal for the heat pipe as a radiating fin,

equations (2), (21), (24), and (25) may be used Lo define the limiting con-

dition for the total axial heat transfer.

i. IR i <<i
e

r

4_vqeL _i qe L
_g L - 2(rcos

_Pv r4xv + 2Kp_X_" (r2o-r2v) +P_ go cos_- rc '
(26)

2. IR I >>l
e

r

1 --_-f qe _ qe L 2creosO

8 PV r4 k2 ge 2 K Pl k _ ir2o i_2vi+ Pl -'g'-Lcosflv gc re
(27)

D. Heat Pipe Having an Adiabatic Section

A heat pipe having an adiabatic section consists of an evaporator,

condenser, and al_ adiabatic section connecting the other two sections. It is

assumed that heat is added to the evaporator at a constant rate and removed

at the condenser at a constant rate with flow through the connecting section

being adiabatic.

Equation (18) is applicable in this case and can be used. Consider

equation (10) a_.ld assume that heat is added and removed as depicted in

Figure 4.
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FIGURE 4. HEAT ADDITION AND REJECTION

(ADIABATIC SECTION)

The rate of heat transfer in the axial direction is

qe z

L ' 0-< z-< '_"*,_
e

=kill _ae , L -< z -< L + L (28)q
v e e a

qe(L- z)

L , Le+ La -<- z- L
c

and

/ qe z

XL ' 0-< z-< Le
e

l_lV =- l_l_ l qe/_ , Le _'-" z_< Le + La ' (29)

• qe(L - z)

XL , Le+ La -< z_ L
- c

_" where qe is the total, rate of heat transfer to the evaporator.

Using equation (z9) for m l, equation (10) can be integrated to yield

the :_ressure distribution in the liquid.
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iIL L+LLPl_ J(L) I #_ qe e e a
j' dp_ _.K (r2 _'_ f zd_ (L-_) d

p._ 'o' P_ o v o e Le Le + La c

L
g.

cos p J' dz
+ P, ,,

go o

/_I qe (L + La) g

A P_ = P_(o) - P_ (L) = - 2 7r k K Pi (r2o - r2)v - 0_ "_c L cos /_ (30)

Two conditions I R I << i and I R I >> i, must be considered for
' e e

r r

the pressure variation in the vapor.

1. I R I <<1
e

r

To find the pressure variation for the condenser and the evaporator,

substitute equation (29) into equation (23) and integrate. For the adiabatic

section, substitute equation (23) into the equation (31) and integrate.

dP 8 /iv inv _ v , (31)

dz 7rPv r4v '

then

/]°r °z
v _.v _ (_z_ _o dz

j' dP =- r¢ LXLe + 8rt# v \kLe / op (o) v _Pv v
v

L +L I

e a q_.._e_e L (L - z )f e _+ f x dz+ _C
L L +L c

e e a

(,,L_Z,)(,
I

..L..... t ..... _ ,,_.... I . - ,,, m. ......... I . II _11__.

...... .. : -,-. ........ .--... -- ............ r-.-= ................ ,--, , .......... i-, ......... ,, - " i I............. I --



;;7

.I I.Lv qe (I'-I I_,_)
.\ _' 1_ _o)-, 1' (I 0 eV V V Id _ i J - _......... '

V V

2. I1l I >> £
0
P

'l'c) [,incl Lhc: prcssu.l'c; varial.Jtm in lhc.,.V_ll)C_r .12n' this c,:t,_e, sul_,_til.ul.e

equation ('_,)) intc_ t;ctuaLions (£3) anti (31) , then int.c_.g:t:ate c_ve:v' lh,_ a.lqn'(_t)ri:tl.e

interval.

P (L) L L -_i_

v 1 .c(qez) / qc '_ _t.tv e a qc,zJ 'P (o) Pv Iv gc Pv v L
V 10

4

L qe (L-z)( qe )f XL -XL c dz,- 4 Pv re gcv L +b c
e a

( 4) 2 8 /Xv qe Li - _ qe a
+ (33)

A Pv = pv (°) - Pv (L) -- 8 Pv r_vx2 gc 7r Pv r4v X

For this case, using equations (2), (30), (32), and (33), the limiting

condition on the total axial heat transfer is as follows:

1. tR I <<1
e

r

4/x vqe (L+ La) /_ qe (L+ La) g. -- _ L cos/3
7tROy r4v + 2_XKP_ (r2o-r2v) + Pl go"

2 cr cos 0 (34)
r

c
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2, lit I>>1
e

r

4: 2 8 /_v qc L gl qe (L + L )1 --_], qc a a

4 fY':7-,,. _..... r4X + 2 7rk K 02 (r2° r 2 )s Pv rvA gc 7r Pv v v

_.K_g Lcosfl 2crcos0
+ /)l gc c

- r ' (35)

E. Considering .Boiling in the Wick

Marcus [8] derived an equation for the maximum heat transfer for a

heat pipe if boiling in the wick is considered. In this derivation it was assumed

that viscous forces in the vapor are negligible and the heat pipe has an

adiabatic section. The maximum heat transfer is

E /1" L,%. g_ (3 6)
qm._\. 2 _ "fw _I I. Pv J

where an approximation for keff. is kerr.= e ki+ ( I - e ) kwick, rn = radius of
r + r

-- v o then neglecting P Pbubble nucleus, and r -w 2 ' v ve c
i

I /1r Tsar. '_"_ l<L, I,L_. - _ ,_ __S_L _',.__ (37)

qma_\, r, r 1 + jo p( L Pv

F. Governing Equations Summarized

Equations (26), {27), (34), (35), and (37)are the governing equations

for a heat pipe. After solving for qmax. for each case, and considering that
r

_ for a specific temperature is the primary variable, these equations are
r

o

as follows:
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1. Heat Pipe as a Radiating Fin

a. 'R 1 <<1

r r%

' .qmax. = r P_ __v_

o\ ,o7
(38)

where

_ 4M L -- Mi L
=- ---X---V , B = • (39)

7r PvZ" 2 K Pik

b. tR I >>1
e

r

qmax, (_.__)I11.4o _Ql__o')/_= 1 r2o('B 1"-_o")/!- r2v'. , (40)

where

- - _r2 , B C- p_ _ Lcost:_ . (41)
A- 8 Pv k2 gc 2 K Pfk n ' gc
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2. Heat Pipe Having an AdiabaticSection

a. IR i <<1

° 1
qlaax. = r - P2 gc r2v _rc _ r2 1- +

o

(42)

I where

4_v (L+ La) _ (L+ La)= , _ = . (43)
7rPvX 2 K pik 7r

b.l Rel >>i

r
- E + E 2 - 4D "_ ge re , (44)

qmax. = 2D

whe r e

(' ""+_

D:8 Pv _.2 r4o gc

(45)

L /_i(L+ La)8 _v a

r4 --_1 2 K kTrr 2 1 - ._ .
/r Pv o o
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c. Marcus' equation

qmax. = 7rr° + keff - ---

1 (46)

- p£ g L cos
gc

where

_ Tsat. ¢rpl K Le

D = j • (47)
_ L Pv

G. Solution of the Governing Equations

Equations (38), (40), (42), (44), and (46) were programmed for

the digital computer to permit rapid evaluation of the heat input to a

heat pipe. These equations were solved for specific cases. The temperatures

considered were 200 ° F, 250 ° F, 300" F, and 350 °F. Each equation was solved
r

v

with varying _ and the above temperatures for heat pipes with r equal
r O
O

to 0.0208, 0.0312, 0.0625, and 0.1250 foot. The wicking materialused was

250 mesh screen made of 316 stainlesssteelwire witha diameter of 0.0010

inch. The input data to the computer, given in AppendLx A, were fr,,m the

references ,,r calculated.

The solution of equations (38) aa_d (40) was accomplished by using

input data from Appendix A and a digitM computer. The_:e soluti(ms arc

shown in Figures 5 through _. Eqt, ations (38) and (40) were derived by

considering the heat pipe as a radiating fin with small evaporation an,t con-

densation rates considered in equation (3_) and large evaporation and con-

densation rates considered in equatiou (40). Considering the calculated data,
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as shown by the curves, it is concluded that evaporation and condensation rates
r

v
have no effect on the heat transfer rate for heat pipes with -- > 0.5.

r
o

The solution of equations (42), (44), and (46) was obtained by use of

a digital computer and input data as given in Appendix A. The solution to

these equations is shown in Figures 9 through 12. Equations (42) and (44)

were derived by considering a heat pipe with an adiabatic section having slow

evaporation and condensation rates for equation (42) and rapid evaporation and

condensation rates for equation (44). Equation (46) was dcmved by Marcus

in Reference 8. As in the previous case, evaporation and condensation rates
r

v

have no effect on the heat transfer rate for heat pipes with -- > 0.5.
r

o

H. Parametric Studies

The governing equations were solved by a dig"ital computer for different

perm_'_bilities, apparent contact angles, and lengths of adiabatic section to

deter:_fine the effect these parameters had on the heat transfer rates.

I. Permeability

',l_rec vahtes different from the value shown in Appendix A were used

for tbc ,'meability. The values of permeability used were 6.5 × 10-t°,

3.25 _' and 3.25 × 10 -2 ft 2. When these values were used (all other

inputs , ' _s given in Appendix A) the optimum, rv/r o, becomes larger

as the , l_,_, the permeability was increased. The optimum, rv/ro, is

consider he value of rv/ro at which the maximum heat transfer rate

occurs. , equations were solved for each value of permeability, tempera-

ture, alld i
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11

The var:iation of the heat transfer rate with permeability l',u" a heat

pipe as a radiating fin is shown in Figure 13. To make the c()mparison

' depicted in Figure 13, the following were used: Equation (38) , Io- equal to

0. 0312 foot, and temperature equal to 250 °F. Using equati()_l (42), w:'h

.,s

1" equal to 0. 0312 foct and :, temperature of 250' F, the variation of the heato

transfer rate with permeability for a heat pipe having an adiabatic section is

.shown in Figure 14.

For the larger values of permeability, the effects of the evaporation

and condensation rates become more pronounced. As the value oi permeability

it.creases, the range of rv/ro effected increases, for example:

Not effected by evaporation

Permeability, K and condensation rates

r V
3.25 x 10-1°ft 2 -- "-O.5

r o

r V
6.50x i0 -1° ft 2 -- > 0.7

r o

r V
3.25x 10-s ft 2 -- > 0.8

r o

r_r

3.,25i.X. £0" 7__I Zt 2 1 > 0.95
r o

To investigate the effect of the apparent contact angle, five values

other than zero degree (as given in Appendix A) were used for the apparent

contact angle. The values used for the angle were 10, 20, 30, 35, and 40

. degrees. When tt_esc values were use, d (all other inputs were as given in

Appendix A), the heat transfer rate decreased as the apparent contact mlgle

increased. Equations (38) and (42) were solved for each of the values of the

angles, temperature, and r . These equations were chosen because, for a
o
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r
v

change in angle, the optimmn, ----, did not change. Also, neither of the
r

o r
v

equations are effected by evaporation and condensation rates for _ > 0.5.r
o

2. Apparent Contact A:_glc

The variation of the heat transfer rate with apparent contact angle for

a heat pipe as a radiating fin is shown in Figure 15. To make the comparison

depicted in Figure 15, equation (38), r = 0.0312 foot, and a temperature of
o

200 ° F were used. Using equation (42), r = 0.0312 foot and a temperature ofo

200 ° F, the variation of the heat transfer rate with apparent contact angle for

a heat pipe having an adiabatic section is shown in Figure 16.

By varying the apparent contact angle, it can be shown that heat pipes

cease to operate as the angle enlarges at a specific temporature. In effect,

for any given temperature, there is a maximura apparent contact angle. With

other parameters, as defined in Appendix A, the maximum apparent contact

angles for heat pipes are as follows:

Maximum Apparent Contact

Temperature Angle.( - Approximate

200 ° F 43 deg

250 ° F 38.5 deg

300 ° F 32.5 deg

350 ° F 22 deg

3. Length of Adiabatic Section

To determine the effect which the adiabatic section had on the heat

transfer rate, the governing equations were solved with different lengths for

the adiabatic section. The values of the o_,er parameters remained constant,
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as given inAppendix A. The valuesused for the lengthofthe adigtbaticsectioll

were 0, 0.125, 0.20, 0.25, 0.333, and 0.50 foot. When the lengthof the

adi,'fl_atiesectioniszero, the heattransferJ:ate(Figs. 3 mid 4) isthe same

as thatfor a heat pipeused as a radiatingfin. To show the variationofthe

heat transferrate, equation(42), an r of 0.0312 footand a temperature of
O

250°F were used. The variationoftheheat transferratefor a l)ar_icularheat

pipe isdepictedin Figure 17.
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CtIAPTER III

DESCRIPTION AND DESIGN OF EXPERIMENTS

A. Properties of Fluid and Wicking Material for Heat Pipe Design

Properties of the fluid th,_t must be considered when designing heat

pipes are surface tension, latent heat of vaporization, viscosity, etc. Due to

the availability of distilled water and also for the temperature range

considered in these experiments, it was advisable to use distilled water. A

figure in Reference ].4 shows the optimum temperature for heat pipes with

water as the working fluid is approximately 300 ° F.

A property of wieking material that is most important when testing

heat pipes in the vertieal position is capillary rise. The radius of the pores

and the permeability are important when heat pipes are tested in either the

horizontal or vertical position. Since in these experiments the heat pipes are

oriented vertically, the capillary rise capability of the wicking material must

be determined. For these experiments the capillary rise required is i foot.

Data were taken from References 14 and 17 to obtain Figure 18. By observa-

tion of Figure 18, to obtain a capillary rise of i foot, the scree_ should be

250-mesh. Therefore, a 250-mesh stainless steel screen was chosen for

these experiments, except for one heat pipe in which 100-mesh stainless

49
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steel screen .was used• The 100-mesh screen was used to establish whether

the data used for capillary rise were correct for designing heat pipe wicks ....

The radius of the pores of the screen were determined by c_usidering

that the diameter of the pores would be the sall_e dimension as one side of the

square openings in the screen. The dimel_sion of the square openings was

equal to i inch minus the mesh size (250) times the diameter of the wire

(0.00i6) divided by the mesh size. For the 250 mesh screen, the radius of

thepores, r , equals i.0×10 -4 feet[(i- 250 ×0.00i6)/250xi2=l.0x i0 -4
C

feet].

The permeability, K, was determined experimentally for i00- and

250-mesh screens. The procedure and experimental apparatus for determining

the permeability of screens are described in Appendix B. Values of permeabil-

ity determined for the two screens are as follows:

Screen K

i00-mesh stainless steel
wire diameter = 0. 0045 2.67 × i0 -9 ft 2

inch, Type 316

250-mesh stainless steel

wire diameter = 0.00i6 3.25 × I0 -I0 ft 2

inch, Type 316

B. Determination of Wick Thickness for Experimental Heat Pipes

In References 4, 8, and 19, methods for determining the wick thickness

required for heat pipes are presented. References 4 and 19 use the same

method; first qmax. is eptimized with respect to the radius of curvature, r ,C

and then it is optimized with re,,_pect to r/re. If this procedure is followed,
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the optimum ratio of r ,/r ° is approximately a_ . An equation
for determin-

V

ing the optimmn wick thickness is presented in Reference 8. This equation is

only for a thin wick. If the equation from Reference 8 were used to determine

the wick thickness for a heat pipe operating at a specific temperature, the

thickness of the-wick_is, independent of the radius of the heat pipe. Also, when

determining wick thicknesses by using Reference 8, it is necessary to deter-

mine several parameters ,_xperimentally. If this equation were used, with

the unknown parameters estimated, for determining the wick thicknesses

required in this experhnent then the approximate value of rv/ro, for a heat

pipe at 300" F, is 0.9.

From the study presented in Chapter II of this dissertation, the

optimum value of wick thicknesses should be such that r /r is approximately
v o

0.3. This value of r /r would exist only for heat pipes operatirLg under the
V o

conditions as established in Chapter II and Appendix A.

For the experiments included here, it was necessary to limit wick
r

thicknesses so that rv/r would t)e 0.8 < v
-- < 0.98. The factors which

o r
o

determined this range for rv/r ° were the available power supplies and

quantity of wicking material.

C. Assembly of tteat Pipes

Previous experiments indicate that one of the most important

procedures for consideration is the assembly of the heat pipe. The heat pipe

should be sealed so that pressure ma_ be built up inside the heat pipe.
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Precaution should be taken to prevent contamination of the inside of the heat

pipe. Compatibility of materials and cleanliness should also be considered.

0 In this e×periment, compatibility of materials was assured by use of

a wick of stainless steel screen, a container of stainless steel, and water

as a working fluid. Contamination and compatibility are important, because

if foreign gases collect in the vapor space, the part of the heat pipe occupied

by these gases will cease to operate as a heat pipe.

Since in this experiment two types of heat pipes are considered,

assembly procedures differ. The steps in the assembly and the major parts

of the heat pipes are given in Appendix C.

D. Experimental Investigation of Heat Pipes as Radiating Fins

The experimental setup consisted of two heat pipes, a test fixture,

the high altitude simulation systems, and the data acquisition system, as

illustrated in Figure 19. The test fixture with two heat pipes attached, just

prior to placing in the vacuum chamber, are shown in Figure 20. A detailed

description of the high altitude simulation system and the data acquisition

system is presented in Appendix D.

The test fixture was designed to sappo.rt two heal pipes. It consisted
e

of plates and bars to furnish support only. The fixture had the capability of

. rotating the heat pipes through 360 degrees. Therefore, the heat pipe could

be fixed in any position. Teflon was used as insulation where a junction

existed between the heat pipe, or heater cover, and the test fixture (Fig. 20).
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The test speciL_m!c0nsisted of a heat pipe, a heater element, 3

thcz-.am_zuples attached to the heater, 9 thermocouples attached to the surface

of the heat pipe, 2thermocouples in the vapor space of the heat pipe {if r o

was greater than 0.0208 foot), and a pressure transd_tcer. The approximate

location of the above, are shown in Figure 21. The heat pipes were approxi-

mately 14 inches iong, of different radii, and constructed of stainless steel.

The_ouSt_radii and other data for the heat pipes tested are shown in Table I.

The heater was constructed by winding a 26-gauge wire (Xactglo,

hconel, Claud S. Gordon Co., Cleveland, Ohio) around approximately 3 inches

of the heat pipe. The heater wire was attached to a terminal post on the
.

. lower end of the heater, wound aromud the heat pipe to the top of the heater,

and then returned to another terminal post at the lower end of the heater. The

heaters were wound so that the power necessary to perform the test was avail-

able. The power inputs to the heater were determined by digital measure-

ments.

The test apparatus was supported in the vacuum chamber by the test

fixture. The thermocouple leads were taped to the test fixture and then fed

through the chamber wail with a standard vacuum feedthrough connector. A

thermocouple cold junction (an ice bath) was located adjacent to the chamber,

and the thermocouples were connected to the data acquisition system. The

pressure transducer leads were similarly fed through the vacuum chamber

wall and connected to the data acquisition system. Also, the power supply

leads were fed through the vacuum chamber wall and connected to the power
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source, Separate vacumn feedthrough connectors were used for the power

leads and thermocouple leads to avoid interference, The test fixture, specimen,

and vacumn chamber walls were painted black to minimize the reflected

energy.

The tests were designed to explore the operation of eight water heat

pipes at temperatures of approximately 200 ° F, 250 ° F, 300 ° F, and 350 ° F.

One of the parameters that was studied was the power input to heat pipes

with different ratios of r/r, o' From other studies it was known that approxi-

mately 6 hours were required to achieve steady-state heat transfer. The

power input required to bring a heat pipe to a specific temperature could be

• .

approximately determined by referring to the analysis. To reach steady state ,, _
.

at the four temperatures required approximately 1 week. To permit faster

achievement of steady state, power supplies were left on at night. Steady

state was considered to be established when all temperatures recorded varied

less than 1 degree per hour. This assumption was well borne out by longer

runs that established a steady-state condition where essentially no temperature

variations were noticeable. No readings were recorded when the vacuum wa_

greater than 1 x 10-s mm of Hg. The pressure was monitored to check the

. tempered.tare mea.surements.

The test runs are s'ammarized in Table E-I and Figures E-i through

E-8 in Appendi× E.

The te._': procedure was essentially the same for all test runs once

the specimen was prepared for that particular test. The test runs were begu_.,



by simultaneously t_rning on the data acquisition system, the power supplies

to the specimen heaters, the backing pump, the heaters to the ejector pump,

and diffusion pump, th.e cooling water to the pump condeusers, and then

pressurizing the liquid nitrogen storage trailer. After a test was started,

the power supplies and other equipment that was safe were left on overnight,

When the diffusion and ejector pump oil reached approximately 520" F, the

reughing pump was turned on, and the liquid nitrogen flow to the pumping

system cold trap was begun. Liquid nitrogen flow to the vacuum chamber

cooling jacket was begun for tests 7f and 8f. The vacuum was then read on

the Pirani gauge, and the system was switched to "hi-vacuum, " or onto the

diffusion and ejector plumps when the vacuum reached 150 microns.

After hi-vacuum operation was achieved, the l_rocedure consisted of

periodically checking the vacuum, the thermocouple ice bath, the heater

power supply readings, the specimen temperature distribution, and the

pressure. The power input was raised or lowered as necessary to reach a

desired temperature. The specimen temperature was observed until steady

state was achieved, and then a new test ran was begu_ by changing the po:ver

inputs. Once a series of test runs was completed (or at the end of the work

week), all of the. test equipment was turned off. The cooling water to the

ejector and diffusion pump oil condenser was left on for approximately

2 hours to protect solder joints.
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E. Experimental Investigation of Ileat Pipes ltaving an Adiabatic Section

The experimentM setup consisted of two heat pipes, a test fixture,

a water supply system, and the data acquisition system as illustrated in

Figure 22. The test fixture with two heat pipes attached are depicted in

Figure 23. The test fixture is the same one used in the previous tests. The

data acquisition system used for the heat pipes with an adiabatic section is

described in Appendix D.

The test specimen consisted of a heat pipe with a copper tube, a

heater element, 2 thermocouples attached to the heater, 3 thermocouples

attached to the metallic surface of the heat pipe, 2 thermocouples in the

water supply, 2 thermocouples in the vapor space of the heat pipe _(if r waso

greater than 0.0208 foot), insulation from the bottom of the heater to the end

of the heat pipe, and a pressure transducer. The approximate location of the

preceding are shown in Figure z4. The heat pipes were approximately

i4 inches long, constructed from stainless steel, and with a copper tube

wound aromld approximately 4 inches. The specimen heater is similar to

those for heat pipes as radiating fins, as describcd in the preceding section.

The dimensions and other data for the heat pipes tested are shown in Table II.

" The test f_ture with two heat pipes attached was placed on a table.

Then the thermocouple, pressure transducer, and power supply leads were

attached to a patch panel from which cables led to the recording system or the

power supplies. All thermocouple leads were passed through m_ ice bath.

The water supply m_d drain lines were connected to the copper tubes on the
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heat pipes. When the preceding was o()_lt)leto(I, tile test setup was complete

and testing could be_in.

'l'h,:_ l.c_,_;l.'_w_c(, ,'h::,j_J,t,,t i,, _,t_1,,_',' 11)(__Jpc'r:ttJon of eight water heat

50°t):i})c',_; at tC31Lll)t_,l'D.tttrC,14 ()[ at)t)rc,xiJn:_l,c._J.y"'00 Ql", ;',, ; F, :I0()_ LP, mid 350 ° F. ()he

uf the t)ara_etc_'cs tt_at w;_._;5ttl(th-,} wu_; tl)e Ileal input to heat pipes with an

adiabatic section having diffei'ent r /r ratios. From preliminary testing
V _)

it was determined that approximately 5 hours was required to achieve steady-

state heat transfer. The heat inpttt _ :q.uired to raise a heat pipe to a specific

temperature was approximately determined by referring to the analysis. To .,

obtain steady-state operation at the four temperatures required approximately

one week. To assure that steady state was reacLed each day, the power

supplies were turned on each (lay at approximately 7 A.M. As in the previous

tests, steady state was considccud to be reached when all temperatures

recorded varied less thm_ 1° J:' per h,)ur. The pressure in the vapor space

was monitored to cheek the temperature measurements. The data from the

tests are summarized in Appendix F.

The test procedure was e,sscntially the same for all tests once the

specimen was prepared. _l'he test runs were begun by simultaneously turning

on the data acquisition _-;ystems, tt).c t)t:.wcr su.pplies to the specimen heaters,

and the water supply to the :-;i)c.('i Jlt_lt. .After the heat load had been applied

for approxi_, ,,, [ely an hour, the f)u(,_l_ was turned on so that the water supplied

to each heat pipe eotd_l be accurately contrulled.
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After steady state for the water supply was reached, the procc(lur('_

consisted of periodically checldng the thermocouple ice bath, the heater

power supply readings, the specinlen temperature distribution, the tcL_per_-

ture of the water entering, and leaving the heat pipe and the pressure. The

power input was raised or lowered as necessary to reach a desired tempera-

ture. The specimen temperature was observed until steady state was achievod;

the temperatures and pressures were then recorded, and the flow rates of the

water were measured. A new test was begun by changing the power inputs

and adjusting the flow of the water. At the end of each day, all test equipment

was turned off.



CIIAPTEI{ IV

ANALYSIS ()F :IXI_ERIMENTAL RESULTS

A. Deteralination of Apparent Contact Angle for Heat Pipes as Radiating Fias

Most of the parameters in the theoretical analysis were determined

experimentally or taken from the references, but the apparent contact angle

was not deiamni_e_d_ hy__kh__c___procedures. This angle could probably be

determined experimentally, but due to the complex nature of the interfaces

in the heat pipe, the angle for each temperature was deterlnined by using

experimental data accumulated in the testing of the heat pipes. The apparent

contact angle for each test was determined by comparing calculated heat inputs

and the heat inputs determined experimentally using data taken from six water

heat pipes as radiating" fins. The calculated heat inputs were determined by

varying the apparent contact angle while holding" the other parameters constant

in the governing equations. In effect, this approach experimentally determined

the apparent contact angle.

The apparent contact angle, 0, versus the temperature for the

experimental data is plotted in Figure 25. The dotted line in Figure 25 depicts

the maximum apparent contact m]g'les that can exist in the analysis presented

in Chapter H. The solid line is an approximate average of the experimental

results. The values on this line were used in all calculations that follow.
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The values of the apparent contact angle for use in the comparisons of heat

pipes as radiating fins are as follows:

Temperature Apparent Contact Angle
T _ °F 0 ~ degrees

200 41.5

250 36

300 28

350 ii

By observing Figure 25, it was apparent that a trend for the apparent

contact angle was established by the experimental data, and therefore, the

data on the solid line could be used. As the radius of the heat pipe increased,
r

v
or as the ratio -- decreased, the apparent contact angle generally increased

r
o

slightly. No data were plotted for Heat Pipes Nos. 5 and 8. Heat Pipe No. 5

contained wicking material of 100-mesh stainless steel screen and did not

function as a heat pipe. Heat Pipe No. 8 was tested at 45 degrees to the

horizontal, and for this case, analytical data for comparison purposes were

not available.

]3. Comparisons - Heat Pipes as Radiating Fibs

To compare heat pipes to other radiating fins and to compare the

effects that dimension changes had on heat pipes as radiating fins, it was

necessary to develop the tables shown in Appendix E. One of the most

important steps in developing these tables was using the computer program

described in Reference 23. The procedure for developing these tables is

described in detail in Appendix E.

I
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1. Thermal Conductivity Versus Temperature (Radiating i,'jn)

The thermal conductivity of a stainless steel rod, as shown by the

dotted line in FJ.gure 26, was taken from page 22 of Reference 24. The

thermal conductivity of the l_eat pipes at each temperature was determined

by interpol3ting the results calculated for solid rods r:rom the computer

program and comparing them with the heat input in the experiments. These

results are shown .in Fig_:_'e 26.

The data shown by F.igure 26 indicate that the thermal conductivity is

dependent on the wick thickness. Therefore,._for._.the..range of rv/ro in t!.e

experiments, three curves were drawn for three different r/v__'s. The

rv/r ° ratios chosen were approximately 0.8, 0.9, and 0.97. These curves

indicate an increase in thermal conductivity with an increase in temperature

and wick thickness.

2. 'femperature Profile of a Heat Pipe and a Solid Rod of Comparable
Size

To.-compare the change in temperature caused by a heat pipe occupying

a portion of a solid rod and a solid rod of comparable size, a test case for a

heat pipe and a run for a solid rod from the computer program of Reference 23

were chosen. The computer run w,_s obtained by using a solid rod the same

size as the heat pipe with a thermal conductivity of 10 Btu/hr-ft-°R, which

is approximately the thermal conductivity of the heat pipe walls. For the

computer run, the base and surrounding temperatures were assumed to be

the same as the heat pipe operating temperature and the temperature of the

inside of the vacuum chamber. The test case chosen was Test No. 4b and the
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temperatures, as shown in Figure E-4, wer(, _ taken I:'rotn the _;_Ix_,rit_u_d.u]

da_a. The data from the computer run are shown in Table I,',-HI _Ii Apl)en_lJx E.

The com.parison of the heat pipe and the so.lid :rot[ is shown in F:i._,;_lr__,27.

Observing Figure 27, it is apparent that by making a fin a heat pipe,

the temperature at the end farthest from the source more nearly a l)l)r_)a_'h(_:s

the base temperature than if the fin was a solid rod of eomparat)le _naturial.

Test No. 4b shows that a heat pipe will raise the temperature of thi,_ e_ul

approximately 45°F above the temperature of the end of a soli(I rod. Examining

the test data for each heat pipe and comparing with data from the computer,

the temperature differences between a heat pipe and a solid rod for the ends

away from the source are shown in Table E-IV of Appendix E.

3. Length-To-Diameter Ratio Versus Heat Input

(Radtating Fin)

L/D ratios for heat pipes have been discussed in previous investiga-

tions, but data for making a comparison for L/D ratios were unavailable. In

this investigation, however, experiments were conducted using four heat

pipes having a constant wick thickness mid different L/D ratios. The L/D

radios fell in the range of 4 to 24. To compare L/D ratios, the heat inpttts

through the containing cylinder were not considered. To arrive at the heat

inputs, interpolations of the results of Table E-II in Appendix E were made.

These results are plotted in Figure 28 and are compiled in Table E-V of

Appendix E.

As the L/D ratio became small, the heat input varied approximately

as the radius of thevapor space. This was especially true when going from

. a-_ .4,.,, _, • _ ........... .-.-_--J__..L_', : _...--_ ..... _ __-_t,_- ...... 3Z -- ' ' ........ , _ _ ,, ..
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an L/I) of 8 to an I_/D of 4, for in this ease, the heat input and the radius of

the; vap()): space approximately doubled. For values of L/D larger than 8,

this relation did not hold, because the variation in the heal: input was less

than the variation in the radius of the vaoor space.

4. Variation in Heatlnput with Variation in rv/ro Ratio (Radiating Fin)

To define the variation in heat input with a variation in the rv/ro ratio,

IIeat Pipe Nos. 2 and 6 were chosen. The dimensions of these two heat pipes

are the same except that for Heat Pipe No. 2, rv/r ° equals 0.92, and for

Ileat Pipe No. 6, rv/r ° equals 0.81. Also, the amount of distilled water ,,

required for each of these heat pipes was different, because the amount of

working fluid required is dependent on the amount of wicking material present

in the heat pipe. Results from Table E-II were used to plot Figure 29, which

indicates the variation of heat input with the variation of rv/ro' The heat

input through the stainless steel container of the heat pipe was not considered.

Figure 29 indicates that there is an increase in the heat input to a

heat pipe as the ratio rv/ro decreases for the temperature range of 250 ° F

to 350 ° F. To decrease rv/ro requires an increase in wick thickness if

other dimensions remain constant. Acttzally, it appears that the curve for

an r /r of 0.81 should follow the dotted line from 200 ° F to 250 ° F. There-
V o

fore, the increase of heat inputs would exist for the temperature range of

200 ° F to 300 ° F if the ratio r /r was decreased. C.alcltlations indicate that
V o

an increase in heat input should exist for an increase in wick thickness.

..... ._:._-.....
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5. tteat Input Per Polmd of Weight (Radiating Fin)

A comparison was made to determine the amount of heat input per unit

of weight for heat pipes and solid rods. For this comparison, Heat Pipe No. 3

an_l a model heat pipe were compared with two stainless steel rods and a

copper rod. The geometry of these heat pipes and rods are depicted in

Figure E-9 of Appendix E. The data and a description of how the data were

obtained are shown in Table E-VI and Appendix E. The comparison is made

in Figure 30.

The model heat pipe was constructed because the experimental heat ',

pipes had thick walls. The thick walls were used because of problems

involved in fabricating heat pipes having thin walls. For a pressure safety

factor at 2 and a yield strength of 90 000 psi, the wall thickness required was

only 0. 002 inch. Since it would be impossible to fabricate a heat pipe of this

thickness, a wall thickness of 0.05 inch was chosen for the paper f_brication

of the model heat pipe. It seems feasible to fabricate heat pipes with a wall

thickness of 0.05 inch if proper precautions and the latest techniques are used.

Where weigh_ is critical, it may be necessary to fabricate thin-walled heat

pipes.

6. Analytical Results Versus Experimental Re_,_lt_ (Radiating Fin)

The analytical results were compared to experimental results by using

data from Table E-II of Appendix E. The results were compared for four

heat pipes. Heat Pipes Nos, 5 through 8 were not considered for this

comparison. The comparison is shown in Figure 31 with the experimental
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rest;.lts shown by the ¢laMm([ l.ino,_ an(l th(: calculated results It'oJ,J ¢_(l((;(l.i¢_rl (;I_)

by the soli(! lines.

'l:hc four heat pipes colutm.ro(l ha(l a r /c _ (), 83 (_1'w¢,,1'¢__d 1,1_i,_
V t)

wick construction. Ileal PJl)O Nt). 7 l_a(l m_ " /1" equal t(_ (). :s,_, \v(_:i(.,I)a,l)t)roxi-
V t)

mately corresponds t() th(_ pl()ts for Iloat [)ji)e N(). 1 in i"il4ur¢_ ;;.1. ();_l_,,t_l;t,Lc(l

data were not available for tlcat Pipe Nos. 5 and 8. For Ileat l)Jl)c No. (i,

which had a rv/r ° equal to 0.81, the calculated data fell well above the

experimental data. The difference between experimental and cMculate(I data

was nearly constant for temperatures 200 ° F, 250 ° F, and 300 ° IF, but this

difference, as shown in Table E-If, decreased at 350 ° F.

C. Comparisons - Heat Pipes Having m_ Adiabatic Section

To compare heat pipes to other conductors and to compare the effect

that dimension changes had on heat pipes having an adiabatic section, it was

necessary to develop the tables in Appendix F. To formulate these tables,

Reference 25 was used extensively. The procedure for developing these tables

is described in detail in Appendix F.

1. Thermal Conductivity Versus Temperature (Adiabatic Sectic:_)

The thermal conductivity of a stainless steel rod, as shown by the

dotted line in Figure 32, was taken from Reference 2.i, The thermal

conductivity of the heat pipes at each temperature was determined by Jnterpo-

lating the results calculated for solid rods and comparing them with the heat

input in the experiments. These results are shown in Figure ;12.





The data shown in Figure 32 indicate that the thermal c_)mluctivity o1'

b_.u.I pipes having an adiabatic section is depemlent on the wick thickness and

",_e diameter of the heat pipe. The parameter wick thickness had an opposite

,'ft;ect on the two types of heat Dipes stuclie_l. Ileat i)ipe Nos. 12 and l(J have

rv/ro ratios of 0.96 and 0.98, respect:ivcly, and for these heat pipes, the

thermal conductivity decreases as the temperature increases. Fro7 tleat Pipe

Nos. 14 and 15, the rv/r ° ratios are 0.8Z and 0.83, respectively, and for

these heat pipes, the thermal conductivity increases as the temperature

increases, The diameters of Heat Pipe Nos. 14 and 15 are 0. 1250 and 0.0416

foot, respectively, and could account for the difference in the thermal con-

ductivity of these pipes. Since the diameter of Heat Pipe Nos. 14 and 16 is

0.1250 foot, it appears that a thin wick is more effective for lower tempera-

tures and thick wicks more effeegive for higher temperatures.

2. Length-To-Diameter Ratio Versus Heat Input
(Adiabatic Section)

In this section, four heat pipes with a constant wick thiclaaess but

different L/D ratios were compared by using experimental results. The

heat pipes had L/D ratios of 4, 8, 16, mid 24. The heat trm_sported directly

through the stainless steel cylinder was not considered in this comparison.

To arrive at the heat inputs, interpolations of the results of Table F-II were

made. These results are plotted in Figure 33 and are compiled in Table

F-III of Appendix F.
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As the L/D rati(_ becanle small, the heat input varied approxim_ttely

as the radius of the vapor space varied, lhl,.' approximathm was especi.'_liy

applicable for the values of L/D _--4 to 8. F_:I:' values of I,/I) greater thl_a _,

the variation in the heat inpt_t was less than 1.1_(,var:iati,'m in the racliu:_ of the

vapor spac, e.

3. ]Ta_tt Input Versus rv/r Ratio)
(Adiabatic Section) o

To define the variati_m in heat inl),tt wil.]_ a variation in the 1"v/r ratioO

Heat Pipe Nos. i0, 13, 14, and 16 were chc)scm. These heat pipes make two

pairs of heat pipes whose dimensions are identical except for their rv/r °

ratios. The rv/ro ratios ar_ as follows: Heat Pipe No. i0 is rv,/ro = 0.92_

Heat Pipe No. 13 is rv/ro = 0.81[ Heat Pipe No. 16 is rv/ro = 0.96; and

Heat Pipe No. i4 is rv/ro = 0.82. Since the quantity of distilled water

depended on the wicldng material in the heat pipe, the quantity present in the

above four heat pipes was different. Results from Table F-If were used to

plot Figure 34, which shows the variation of heat input with the variation of

the rv/ro ratio. The heat input through the stainless steel eontah_er of the

heat pipe was not considered.

4. Heat Input Per Pound of Weight (Adiabatic Section)

A comparison was made to determine the amotmt of heat input per

trait of weight for heat pipes and solid rods. For this comparison, Heat Pipe

No. 16 and a model heat pipe were compared with two copper rods. The heat

pipes considered had an adiabatic section. The geometry of these heat pipes

and rods is depicted in Figure F-9 of Appendix F. The data for this
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comparison are shown in Table F-IV of Appendi;_ F and a desc_.:i,_,_,,,_ J;i h_,v,'

the data were obtained is contained in Appendix F. A compari_ j_l' these

heat pipes and the two copper rods is shown in Figure 35.

As for the case of the radiaLing fins, an anal._¢ica[ _nodel of a heat

pipe was formulated which did uo_ contain the cxce_'_ive weig'ht of the heat

pipes which were tested. The dimensiorLs required for these heat pipes arc'

identical to those for heat pipes as radiating fins and are discussed in a

previous section.

5. AnalyticalResultsVersus Experimental Results (AdiabaticSection)

The analyticalresultswere compared to experimentalresultsby using

datafrom Table F-Ifand datainterpolatedfrom tablesinAppendix F. The

experimentaland ans!ytica/datafor Heat Pipe Nos. 12 and 16 were used.

The comparison is shown in Figure 36 with the experimental results shown

by the dashed line, the calculated restdts from equation 4>_ (L = 8_ inches)
a

shown by the solid line, and the calculated results from Marcus' equation

shown by the dash-dot line.

The two heat pipes had a r /r ratios of 0.96 and 0.98 and, therefore.
V O

were of thin uick construction. By observing Figures F-1 through F-8 in

AppendLx F, it was concluded that the length of the adiabatic section varied

inches. The length of the adiabatic sectionfrom approximately 2 inches to 8_

for Heat Pipe Nos. 12 and 16 was approximately 8'__inches. For the heat

pipes with thick wicks, the calculated heat inputs were much greater than

the heat inputs determined by the experiments,
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

An analysis was developed that predicts the maximum heat transfer rate

(qmax.) for steady-state operation of water heat pipes. The analysis will be

applicable to heat pipes that have similar geometries and are operating under

approximately the stone conditions. The q_nax, is corroborated by

experimental data for a temperature range of 200 ° F to 350 ° F.

The analysis, for water heat pipes used as radiating fins, was

corroborated by experimental data for the temperature range considered in

this dissertation. Where analytical and experimental data differed, the

percent difference would be acceptable in designing water heat pipes to be used

as radiating fins. The trend of all experimental data, for water heat p[}_es

used as radiating fins, was !;he same as the m_alysis indicated.

Specifically, the temperature range where the analysis is most

applicable for water heat pipes having an adiabatic section is 250 ° F to 275 ° F.

This range is probably determined by the assumed heat addition and l'cjcction

profile depicted in Figure 4. Maintai_ling an adiabatic section was ',_i._ost

9O
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impossible when testing water heat pipes. Therefore, possibly n.hr_t _<lditT,)n

and rejection profile that resembles the profile depicted in Fig_lre 3 shou[cl

be assumed.

By solving the equations that define qmax. ' it was detern_ined th,d: for

r /r > 0.SthatIR I << for IR I >> i had little or no effect o11,._,,_xov o e e
r r

Since in practice, r /r will generally be greater than 0.5, the magl_itude
V O

of ]R I is not an importm_t factor in water heat pipe design.e
r

From the experimental data, it was concluded that heat pipes are

capable of increasing the heat transferred for either type of heat pipe

investigated. This increase was accompanied by an increase in thermal

conductivity substantially above the thermal conductivity of the containing

cylinders.

Heat pipes are weight-saving devices as shown in Fig_res 30 m_d 35.

Figure 30 shows that a thin-walled heat pipe used as a radiating fin is

approximately three times more ef2cient at 200 ° F and four times more

efficient at 350 ° F than is a copper rod. In Figure 35, these values i_,_crease

to l0 (formerly 3) mid 7½ (formerly 4) when a heat pipe ,.vitb an _diabatic

section is used.

Thin-walled heat pipes used as radiating fins should be [|westigated

experimentally to further justify the heat transferred per pound of weight_
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The heat addition and rejection profiles, as shown in Figures 3 and 4,

should be determined experimentally for different temperature ranges. Using

these experimental heat addition and rejection profiles, the analytical and

experimental determination of qmax. should agree for all temperat_res

where the profiles are available.

]
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APPENDIX A

INPUT DATA FOR SOLVING GOVERNING EQUATIONS

To compute qmax. from the governing equations by use of a digital

computer, it was necessary to establish the properties o[ tile distilic_l w:tt¢_:

and the wicldng material. These properties are shown in Table A-1.

TABLE A-I. PROPERTIES FOR COMPUTER INPUT

Temperature, 200 ° F 250 ° F 300 ° F 350 ° F
°F, °R 660°R 710°R 760°R _-0° R

Screen Type 250 mesh 250 mesh 250 mesh 250 mesh

Radius, r - ft "," ::" ":" ;:'o

Surface Tension, ¢r- 4.1 x 10-3 3.75 x 10-3 3.4 x 10 -3 ' 0 ._.10-3

lbf/ft

Density of Liquid, 60.1 58.8 57.3 .i_. t_

Pf - lbm/ft 3

Density of Vapor,

Pv - lbm/ft3 0. 030 0. 072 0. 155 0. 299

Viscosity of Liquid, 9. 10 -l°

_ - lbfhr/ft 2 1.77× 10-_ 1.32x 10-9 1.05x 10-D 1 ×

Viscosity ofVapor, 7.3 x 10-11 8.0 × 10-11 8.6 × 10-11 9. "2x 10-11
Pv - lbf hr/ft 2

Length of Evaporator, 0.25 0.25 0.25 I,. 25
L - ft

e

Length of Adiabatic O. 50 O. 50 O. 50 O. 50
See., L - fta

93
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TABLE A-I. PROPERTIES FOR COMPUTER INPUT IConchtded)

temperature, 200* F 250* F 300 ° F 350" F
* F, ° R 660* R 710" R 760* R 810" R

Length of Heat Pipe,
L- ft 1.0 1.0 1.0 1.0

Permealoility,K - ft2 3.25 × 10-I°!3.25 × i0-I0 3.25 × 10-I° 3.25 × i0-I°

:_ Radius of Curvature,

r c-ft lx 10-4 lx 10-4 lx 10-4 1 x 10-4

Latent Heat of Vapor-
ization, k- 978 945 910 871

, .

Btu/ibm ,i -

cos 0 i 1 i i

cos/3 1 i 1 1

Gravitational Accel- L4 175 × 108 4.175 × 108 4.175 × 108 4. 175 × 108

eration, g - ft/hr 2 I "
I

Constant, gc- 14"175× I08 4.175× 108 4. 175× 108 4.175× 108

ibm/ibf,ft/hr2 1
!

Mechanical Equiv',dent '

of Heat, J- 778 778 778 778

ft-lb/Btu 1
Thermal Conductivity, I 2 0 3.0 4.0 5.0

kef f - Btu/hr-ft-*R / '
/

Radius of Bubble !L2.08× 10-5 2.08x 10-5 2.08x 10-5 2.08x 10 -5

Nucleus, r n - ft I

Specific Wetted Perim- I[2.0 x 104 2.0 × 104 2.0 × 104 2.0 × 104
eter, P - 1/ft I

w I
I

Porosity, c I 0,70 0.70
0. 7O 0. 7O

:::r = 0.0208, 0.0312, 0.(]625, and 0.1250 feet
o

_-_--. ......................................... • ..... -_ _- .............. i ..... • i ................ I............ d II
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APPENDIX 13

EXPERIMENTAL DETERMINATION OF PEI_MEAI_ILITY
OF 100- AND 250-MEStI STAINLESS STEEL SCREENS

1. Introduction

A common material used for heat pipe wicks is a stainles:_ steel

screen. The wick is an important factor in the operation of the heat pipe.

A wick that is properly designed will ensure that sufficient liquid is always

available in the evaporator of the heat pipe so that the heat transferred will

be a maximum.

The flow rate of the liquid in the wick is limited by the maximum

driving force from the capillary pressure and by the pressure losses from

viscou3 dissipation. The capillary pressure depends on the surface tension

of the liquid and the pore size of the wick. The viscous losses depend on the

viscosity of the liquid and the permeability of the wick. This Appendix presents

the measurement of permeability of two stainless steel screens that can be

used to form wicks of heat pipes. The two screens were 100-mesl_ made of

0, 0045 inch diameter, type 316 stainless steel wire and Z50-mesh made of

0.0016 inch diameter, type _16 stainless steel wire.

95



96

2. Analysis of Experiment
w

Since the flow in most heat pipe wicks is usually laminar, Darcy's

KA dP
Law Q -. describes the flow. This law is valid for one-dimensional

/_ dz

flow in porous media that is dominated by viscous effects. The tmrnmability,

K, is the constant that must be experimentally determined.

The experiment consists of measuring the flow rate thro,tgh the porous

media (stainless steel screen) over a range of pressttre drops. With the flow

rate, Q, an area of porous media, A, the viscosity, #, and dP/dz known,

and by rearranging Darcy's Law, the permeability, K, may be calculated.

3. Experimental Apparatus

The system is composed of a supply of distilled water, the test section,

and the instrumentation to measure the flow, pressure drop, and the tempera-

ture of the water. Figure B-I is a schematic of the test apparatus.

The test section is several turns of stainless steel screen wrapped

on a stainless steel rod. The screen and rod are force fit into a sect1¢,,_ of

i. 0-inch stainless steel tubing. Pressure taps, to which a mercury manotneter

can be attached, are located 8 inches apart on the tube. Figure B-2 shows the

test section and the dimensions used for testing the two stainless steel screens.

The supply of distilled water is contained in a 6-inch-diameter tank

that has a nitrogen pressurization system. Also contained in the flow system

are valves m_d a filter for the water.

The instrmnentation consists of a mercury manometer, a thermocouple,

a graduated cylinder, and a stop watch.
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FIGURE B-1. TEST APPARATUS

One variable that is difficult to control is the tightness of the screen

in the test section. The method used here is to calculate the length of screen

required based on the thickness of the screen and the dimensions of the test

section.

4. Description of Experiment

Major problems in measuring permeability are clogging of the porous

media by foreign matter and air bubbles and ensuring that the test section is

always full of water.

To prevent contamination by foreign matter, distilled water is u.%ed

for the tests, and it is filtered before entering the test section.
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STAINLESSSTEEL SCREEN
_, STAINLESSSTEEL TUBE

100MESH"6 TURNS i_i_.P''_ O.D. = 1.000 IN
250MESH,,.,15TURNS _i"

_'_I" I.D. = 0.856 IN

P,c /

STAINLESS STEEL _ "'/

/

D = 0075 IN _i__

I 8 INCHES
1

FIGURE B-2. 'rEST SECTION



To prevent air bubb:es, the test section is baked at 300°F for 1 h¢_ur

to force out water that is _ _;_ ..!:_:th,- ....r bt,:.bl'_,s. The actual test time i._.

kept to a minimum to pre, ent c,'::,,ng.

To ensure that it is fi,1' '' _,},*' ;a_r _,.,:cinl,, tt_e test, tim test sectiL)n

is mounted vertically in the system,

Observing the preceding pre ,rations, the tan_x is filled with distilled

water and pressurized. From the tm_k the water flows through a control

valve, the filter, the test section, a control valve, and into the graduated

cylinder.

Downstremn of the test section, the temperature of the water is

measured with a thermocouple, so that the viscosits', /a, cml be obtained from

existing data, The pressure drop across an _-ineh portion of the test section

is measured with a mercury manometer to determine dP/dz. "l-he water that

flows into the g-raduated cylinder is measured, and the time for such an

amount tc flow is recorded by a stop watch (from this, the flow rate can be

determined).

5. 1Resttlts and Conclusions

Two different screens were subjected to tests to determine the
(
t

permeability. Tb,e experimental data determined are presented in l:igU:k_b i

B-3 and B-4, and average values :f permeability are 2. _7 _ lt) -_ IL2 f,JJ. tbt,

100-mesh screen and 3.25 :< 10-10 ft 2 for the 250-mesh screen,.
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The consistency of the experimental data sho:vs that if the procedure

described herein is followed, the permeabilities determined are reaUstic.

Also, compared to available data, the determined values for permeability

are approximately correct.



APPENDIX C

ASSEMBLY PROCEDURE FOR HEAT PIPES

1. Steps for Assembling Heat Pipes as Radiating Fins

The procedure for assembling heatpipes thatserve as radiatingfins

is as follows:

(I) Cut the stainlesssteelscreen to the prescribedsizeand rollit

tmtilitis approximately tilesizeofthe openingin the cylindricalcontainer.

(2) Place the rolledscreen inthe cylindricalcontainer.

(3) /inserta springinsidethe screen inthe container.

(4) Silversolderthe pressure transducer connectionintothe lower

!
end cap.

(5) Place the cylindricalcontainer,screen, spring,caps, and ,Jther

parts which protrude intovapor space in a soniccleanercontainingFreon I13

and cleanfor 30 minutes.

(6) Remove the assembly from sonic clcmmr, screw end caps in.thct_

silver solder around the end caps.

1. For heat pipes with an r = O. 020b ft, silver solder a tube int, a plu:._ _,i_,lo

screw the plug into lower en,I cap.

1_:S
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(7) Place the assembly into an oven at 550 ° F, and bake for a period

of 16 hours.

(8) Remove the assembly from the oven and plug all openings.

(9) Wind the heater wire on the upper portion of the containing

cylinder.

(10) Insulate and cover heater"and connect to test fLxtu_;e.

(11) Install all thermocouples that are on the outside of the heat pipe

and heater.

(12) Remove the plug sealing the thermocouple outlet from the end

2
cap.

13) Fill the inside of the heat pipe with a measured amount of

distilled w ate r.

_14) Wait approximately 15 minutes, drain and measure the excess

distilled water.

_15) Add 2 t(, 3 cubic centimeters of distilled water I(, [_.e heat pipe.

_16) Screw the thermocouplc assembly into the enct cap,

_17) Connect the pressure t::'ansducer.

t l_ Evacuate the hea'_ pipe till a pressure of approximately 0. (; p.i:,

is obtained.



1o5

(19) Check for leaks with a leak detector.

(20) Stop the leaks by tightening fittings, etc.

(21) Evacuate the heat pipe to a pressure of approximately 0. (3psia.

(22) Paint the heat pipe m_d test fixture black to ensure an uniform

emissivity.

.................... (23).. I/lace the test fixture and heat pipe in vacuum cimmber m_d

connect the power supplies, thermocouples leads, pressure transducer leads,

etc.

The major parts to be assembled for a heat pipe as a radiating fin

are shown in Figure C-1.

2. Steps for Assembling Heat Pipes with m_ Adiabatic Scetwn

The procedure for assembling heat pipes with an ad!abatic section is

as f_dlows:

(1 through 10) Steps I through :tO arc the same as for u heat pipe

serving as a radiating fin.

t:tl) Install all thermocouples that are on the outside ()[ the heat 1)il)c,

heater, al_l the two on the condenser.

i12) in_.tlate the adiabatic section m_(I the condenser.

(13 through 22) Steps 13 through 22 arc the same as steps lz t:,,'_ _);

21 f,)r a heat pipe serving as a radiating fin.

_23) Connect the power supplies, water supt)J.y, tht,)'_l_,)c,<,_t_h ]ca,Is.

pressure transducer leads, etc.
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The major parts to be assembled for a heat pipe with an adiabatic

section are shown in Figure C-2.
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APPENDIX D

EXPERIMENTAL EQUIPMENT FOR HEAT PIPES
AS RADIATING FINS

The experimental equipment consisted of the high altitude simulation

system and the data acquisition system. This equipment is government

property maintained and operated by the Propulsion and Vehicle Engineering

Laboratory of the George C. Marshall Space Flight Center.

1. High Altitude Simulation System

The high altitude simulation system_, or vacuum system, consists of

the following primary components: Vacutuu chamber (diffusion pump, ejector

puaup, backing pump, and roughing pump), valves, pressure gauges, and

liquid nitrogen sotrage trailer.

The vacuum chamber is a stainless steel cylinder approximately

8 fcc': long mid 4 feet in diameter with a dished heat at each end. One of the

dishcd heads is hinged for a door and the other is ate.ached to the pumping

system. The chamber cncironment is controlled by a cooling jacket that

permits a cooling liquid, such as liquid nitrogen, to be circulated through the

cooling jacket and the chamber door. The door is of double wall construction

connected to the jacket so that the cooling liquid circu:[ates through both the

108
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jacket and the door. The interior surfaces of the chamber viewed by the heat

pipes, are painted black to minimize radiant energy reflections.

The vacuum chamber wall is designed with three ports that em_ be

used for viewing, instrumentation, or for power feedthrough. For these tests

the ports were used for plugs to feedthrough 29 thermocouples, 2 pressure

transducers, and 2 power supplies.

The pumping system consistedoffour pumps thatcouldproduce a

vacuum chamber minimum pr_nsure of 5 × 10-7 mm Hg. The chamber vacuum

was initiatedby a roughingpump oflarge capacity. After a rough vacumn

was obtained(150 mm Hg), the low vacuum was achievedand maintainedby

a fractionatingoildiffusionpmnp, an oilejectorpump, and a rotarybacldng

pump operatinginseries. The pumping system was designed and manufactured

by the ConsolidatedElectrodynamics Corporationfor NASA/MSFC. The

following pumps were used in the system:

(1) Type MCF-15000 fractioning oil diffusion pump with 32-inch-

diameter casing.

Operating range: 5 ,._10-7 to 5 ,<,10-4 mm ttg

Ma,ximLuu speed: 31 779 cfm at 3 ,< 10-4 mm Hg.

{2) Kim_ey Type KB-150 oil ejector pump

Operating range: 6 .: 10-4 to 4 < 10 -1 ran1 fig

Mmxitmuu speed: 407 cfm at 3 ,< 10-2 him Hg.
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(3) Kinney Type KDH-130 rotary oil sealed backing pump.

Free air displacement: 131 cfm at 535 rpm

U_timate pressure: 1 x 10 -2 mm Hg.

(4) Kinney Type KD-310 rotary oil sealed roughing pump.

Free air displacement: 311 cfm at 360 rpm

Ultimate pressure: 1 x 10-2 mm Hg.

The high altitude simulation system design incorporated the necessaz T

valves and pressure gauges to control the system. All system valves were

hand operated except the 32-inch valve between the vacuum chamber and the

diffusion purr.p, which was motor driven. There were three types of pressure

gauges used in the system: A cold cathode ionization type and a Pirani type

were used to monitor the chamber vacuum; a Bourdon tube gauge was used

to monitor the pressure in the liquid nitrogen storage trailer. Both the high

and low vacu_u gauges were products of the Consolidated Vacuum Corporation,

Rochester Division, Rochester, New York, and were of the following specifi-

cations.

(1) Cold cathode ionization type

Discharge vacutun gauge

Type GPH:-100A

Three range selections 25 × i0 -3 to 1 × 10-8 mm Hg.

(2) Pirani Vacuum Gauge

Type 2203-04

Two range selection -- _.'_000- 50 rnic,vons,
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The Pirani gauge was used to monitor the vacuum while the system was

operating at a low vacuum, and the ionization gauge was used to monitor the

vacuum when the system was operating at a high vacuum.

Liquid nitrogen was rc,qt]ired for the vacuum pumping system cold

trap and also for the vacumu chamber cooling jacket. The liquid nitrogen was

supplied from a 9-ton-capacity liquid nitrogen storage trailer. The storage

trailer was a self-pressurizing u_it that was maintained at a press_tre of

25 to 30 psig for the test runs. Flow was controlled to the vacuum system by

a hand valve, and the storage trailer pressure was maintained by a hand vent

valve and an automatic (spring-loaded) relief valve. For safety reasons, the

storage trailer was located outside of the building that houses the vacuum

system_ and the liquid nitrogen was supplied by a 1-inch-diameter insulated

pipe.

2. Data Acquisition System

The data acquisition system consisted of 29 thermocouples, 2 pressure

transducers, a digital recording system, and a tape-controlled typewriter.

The thermocouples were standard 24--gauge copper and constantan

thermocouple wiring. The thermocouples on the outside of the heat pipes and

heaters were spot welded and brought out of the vacuum chamber through a

standard vacuum-type feedthrough electrical connector. The _hermocouples

in the vapor spaces of the heat pipes followed the same exit path as the other

thermocouples. A thermocouple cold junction (ice bath) was located
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adjacent to the vacuum chamber, and the thermocouple outputs were carried

by way of a floor conduit to the recording system approximately 50 feet away.

The pressure transducers were capable of monitoring pressures of

0 to 150 psia. The pressure trmlsducers were connected to a tube that pro-

truded.from the end cap of the heat pipes. The leads from the pressure

transducers were brought out of the vacuum chamber through a standard

vacuum-type feedthrough electrical connector and carried by way of a floor

conduit to the recording system.

The digital recording system was a Dymec system. This system could

record up to 100 channels of data. A digital output was punched on paper tap_e_

along with the necessary signals to control a Frieden flexowriter. The tape

was fed through the flexowriter control system for each recording, and the

data outputs were typed in millivolts, newtons, volts, or amperes.

The data acquisition system accuracy was dependent upon the range

selected. For this test series, a range of 0 to l0 millivolts was selected,

and the system accuracy in converting the thermocouple output was ±0.01

miHivolt (approximately 0.4' F).



APPENDIX E

SUMMARY OF EXPEI{IMENTAL AND CALCULATED DATA

FOR HEAT PIPES AS ]rADIATING FINS

The temperature profiles, on the surface, that were obtained experi-

mentally for the heat pipes are plotted in Figures E-i through E-8. These

temperatures were obtained by converting experimental readings from

millivolts to ° F, To establish the profile, the temperatures were plotted

at distances from the end of the heat pipe that corresponded to the location of

thermocouples on the heat pipe. The temperature for the length, Le, (see

Figures E-1 through E-8) was the temperature in the vapor space since no

thermocouples were located on the surface of the evaporator.

In Figures E-i, E-5, E-7, and E-8, peculiar temperature profiles

exist that require additional explanation. Test la, shown in Figure E-i,

depicts the temperature profile for a solid rod. Reduction of data reveals

that for Test la the heat pipe did not function as a heat pipe and therefore

it was a cylinder-radiating heat. To obtain Figure E-5, data from Heat Pipe

No. 5 were plotted. Since the wicking material (100-mesh screen) contained

" in Heat Pipe No. 5 did not possess sufficient capillary rise capability, no

heat pipe existed and therefore explains the temperature profiles of Fig_re

' E-5. Tests 7f and 8f had larger temperature gradients on the surface of the

113
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heat pipes than did the other l_sts of Figures E-7 and E-8. This larger

temperature gradient was because for Tests 7f and 8f liqu.id nitrogen was

circulated through the cooling jacket of the vacuum chamber.

Table E-I summarizes the heat inputs and losses for the eight heat

pipes that were experimented. The temperature in the vapor space was

recorded in millivolts by Thermocouple No. 13 or estimated from the readings

on the surface of the heat pipes where r was equal to 0.0_08 foot. The
o

temperature, T was the temperature of the surroundings recorded by a
S

thermocouple inside the vacuum chamber. The heat input to the system

[Table E-I, Column (7) ] was determined by the inputs to the heaters on the

heat pipes. The ampei'age and voltage were recorded by the data acquisition

system, and then by converting these readings, the heat input to the system

was obtained.

The heat losses [Table E-l, Column (8)] were calculated by using

the equation q = A eal (T4 - T4) and data recorded for thermocouples,S S

1, 2, and 3, that were fixed to the heater covers of the heat pipes. The data

from these thermocouplus were reduced to obtain temperatures, T, and

with the other terms of the equation being defined as A = area of surface,
S

ft 2, e = emissivity, '0.95, ¢rt = Stefan-Boltzmann constant, 0.1714 x i0 -8

Btu/ft2-hr-°R4, and T = surrounding temperature, the heat losses were
s

calculated. The heat input [Table E-I, Column (9) ] to the heat pipe was

obtained by subtracting the heat loss from the heat input to the system.
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The he,at inpuL t,o tile heal pipe, r_!)l,ail_etl I_y ltu, tJrt,t,o(iiJ_h \v_/:, (,t_lt:;:i_lt,l'_,_l:t::_

tile experimental heat input.

The heat jnpu.t [Talde l!_-l, (',(d.ul_l.n (10) ] t(_ the heal pipe \wt_; (,.:4l.ctt_

lated by using rc,clu.ce(t da{,:ilfCOiLi 'l'h_,L_l_c_._uple No_s..t- tll.l'Otl_'il J_2{I.ll(] l.ll(!

equation (_f'tile precedjl_g p:lL'a_;l't:ijfl_. .Ill II/_'x(; ettL('tlJtll,:i(m_;, t,h:' I_(',[lu'l'_l ,l_tla

from each thermocouple was considered as Lhe surface LemperatLtre f, Jr a

1-inch section except for Thermoeoup]e No. 12 which was for a 2-inch section.

The heat radiated, from each section was ealeldated and by summing the heat

radiated from all sections the heat input was determined. The calculated heat

inputs were used for comparison with heat inputs from the experiments.

Table E-LI is a summary of data computed for heat pipes as radiating

fins.

To o_tain tile heat input [Table E-H, Column (3)] through the stainless

steel cylinder, the computer program of Reference 23 was used. The inp[_ts

to the computer program were as follows:

Area - Cross-sectional area of containing cylinder of the heat pipe

Perimeter = Perimeter of heat pipe

Length = Length of heat p.pe exposed

Thermal Conductivity = Thermal conductivity of stainless steel or

k = i0 Btu/hr-ft-°R

Base temperature -- Temperature in the vapor space

Emissivity = 0.95.
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The heat input [Table E-H, Column (4)] (the heat which is transported

throllgh the intcrportion of the heat pipe) was determined by s_tbtracting. The

heat input ]iTable E-H, Column (5)] was calculated by using equation (38),

the dimensions of the he_¢t pipe considered, and the angle, 0, as shown in

Table E-If. The heat input to the solid rod [Table E-II, Columns (9 - 12) ]

was calculated by the computer program of Reference 23 using the dimensions

of the corresponding heat pipe and for four different thermal conductivities as

shown in the table. The lengths of the corresponding exposed heat pipes were

considered for the solid rods.

The heat input for fin efficiency [Table E-El, Column (13) ] was cal-

culated by using the equation q = As e cr1 (T 4 - T4s). These calculations used

a constant temperature at the surface, with this temperature being the temper-

at_re of the vapor space for the case under consideration. The other terms of

the equatfon were as previously defined. The fin efficiency [Table E-II,

Column (14) ] was obtained by dividing the total heat input to the heat pipe by

the heat input for fin efficiency.

Table E-III is an example of the input and output from the computer

program of Reference 23. The case shown is for a solid rod having the same

dimensions of Heat Pipe No. 4 and the same temperatures obtained in Test 4b.

Table E-IV defines the temperat_xre difference at the ends away from

the source for heat pipes and solid rods of comparable material.

L
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TABLE E-Ill. COMPUTER INPUT AND OUTPUPTr FOR

A SOLID ROD (RADIATING FIN)

,,

Output
u

x q T T

ft Btu/hr ° R oF
, ,,,

0. 833 143 717 257

0. 750 123 7fi3 243

O.667 105 691 231

O. 583 89 680 220

0. 500 75 671 2il

O. 417 62 664 204

O. 333 50 658 198

O. 250 39 653 193

O. 167 29 650 190

O. 083 21 647 187

O. 164 X 10-l° 9 645 185

Input

Cross-section area = O, 07712 It 2

Length = O. 83333 ft

Perimeter = 0. 98457 ft

Surrounding temperature = 565 ° R

Base temperature = 718 °R °

Emissivity = 0.95

Heat transfer coeff. = 0.0

Thermal conductivity = 10 Btu/hr-ft- ° R
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TABLE E-IV. TEMPERATUI[E DIFFEI{ENCES AT TIIE END OF IIEA'P
PIPES AND SOLID RODS (RADIATING FIN)

I
a Test b Test c Test d Test

}teat Pipe No. AT ,-_ °F AT _ °F AT _ °F A'.I' ,-_•F

i -6 43 60 82

2 Z5 :18 61 83

3 30 49 62 79

4 35 45 65 73

6 27 47 84 105

7 6 10 18 75

8 18 5 63 115

NOTE: Minus (-) indicates end of heat pipe below temperature of end of
solid rod.

TABLE E-V. HEAT INPUTS THROUGH THE VAPOR SPACE OF FOUR HEAT

PIPES (RADIATING FIN)

q for q for q for q for

Heat Pipe L D __L T=200 °F T=250 °F T=300 °F T=350 °F
No. inches inches D Btu/hr Btu/hr Btu/hr Btu/hr

• i
i 12 -- 24 12 20 33 58

2

2 i2 _ 16 17 27 47 774

i 8 24 44 69 97

4 3 4 52 90 129
I
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Table E-V defines the heat inputs through the vapor space of Heat

Pipe Nos. l, through 4 if the heat input through the stainless steel cylinder

was not included. "£hese heat inputs were taken from Table E-II and presented

in Table E-V when comparing L/D ratios. Interpolation was used since the

exact temperature does not appear in Table E-II.

Figure E-9 depicts the geometry for the heat pipes and solid rods for

determining heat input per pound. The solid rods are shorter in comparison

to the heat pipes because longer heat pipes are needed to provide an area for

the heater,

Table E-VI summarizes the data required to determine the heat input

per pound for two heat pipes and three solid rods. The heat inputs through

the stainless steel cylinders (k = 10), stainless steel rods (k = 10), and

copper rod (k = 210) were calculated by using the computer program of

Reference 22. The volmr_e of stainless steel or copper was computed using

the geometry shown in Figure E-9. The weight was computed from the volume

with the density of stainless steel = 490 lb/ft a and the density of copper

= 559 lb/ft a.
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APPENDIX F

SUMMARY OF EXPEIHIVIENTAL AND CALCULATED DATA
• )._ _FOR ttE./-_T PlI ],,S IIAV1NG AN ADIABATIC SECTION

The temperature profiles, on the steel s_rface of the heat pipes, that

were obtained experimentally are plotted in Figures F-1 through I,'-S, The

temperature for the lengCh, L was the temperature obtained in the vapor
e'

r

space since thermocouples were not present on the surface of the evaporator.

These temperature profiles were obtained by converting m] experimental

reading from m.illivolts to ° F and then plotting these temperatures at distances

from the end of the heat pipe that corresponded to the location of the thermo-
..

couples on the surface of the heat pipe. Note the change in the temperature

profiles with the change in condenser length. For Heat Pipe Nos. 9, 10,

a_.d 11, the total condenser length was approximately 4 inches, whereas for

Heat Pipe Nos. 12, 13, 14, 15, and 16, the total condenser length was

approximately 1 1/2 inches.

In Figures F-l, F-2, F-3, and F-5, peculiar temperature profiles

occur. In Figure F-I, the temperature profile for Test 9c has a large

decrease in temperature and intersects the temperature profiles from Tests

9a and 9b. This large decrease in temperature was due to a leak developing I

in the heat pipe during tbc test. In Figure F-2, the circumstances that existed

129
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for Test 10d were similar to those of 'rest 9c except the leak was less severe.

No creme f()r the temperature profiles for Tests ilc and lid was found. A

logical conclttsien_ for these two temperature profiles of Figure F-3 was that

a leak developed during the tests. In Figure F-5, the temperature profile

for Test 13d is high near the evaporator but no cause for the high temperature

was found.

Table F-I summarizes the heat inputs and losses for the eight heat

pipes used in the experiments. The teraperature in the vapor space was

recorded in _illivolts by Thermocouple No. 6 or estimated from the readings

on the surface of the heat pipe where r was equal to 0.0208 foot. Theo

temperature T was the temperature of the surroundings recorded by a
S'

thermccouple located in the room where the experiments were run. The heat

input to the system [Table F-I, Column (7)] was determined by the inputs

to the heaters on the heat pipes. The amperage and voltage were recorded

by the data acquisition system, and then by converting these readings, the

heat input to the system was obtained.

The heat losses by radiation [Table F-I, Column (8)] were calculated

by using the equation q = A e cr1 iT 4 - T4s) data recorded by ThermocoupleS '

Nos. 1 and 2 that'were fixed to the heater cover, and data from the thermo-

couple in the room. The data from the three thermocouples were reduced to

yield T and Ts, and with e = 0.95, the heat losses due to radiation were

calculated by using the above equation.

....
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The heat losses by convection [Table F-I, Column (9)] were calculated

by using the equation q = A h (T - T ) and data recorded by the threes ,_

preceding thermocouples. The data from the thermocouples were reduced

to yield T and T and wi_h the other terms of the equation defined as A =s s

area of surface, (ft 2) and h = film coefficient, (Btu/ft2-hr-°R) the heat losses

due to convection were calculated by using the above equation. The film

coefficie1:t, h, was calculated by using the method shown in Reference 25,

pages 333 through 340.

The heat input [Table F-I, Column (i0) ] was found by subtracting

losses due to radiation and convection from the heat input to the system.

Table F-If summarizes the data computed for heat pipe having an

adiabatic section. To obtain the heat input through the stainless steel cylinder

AT

[Table F.-II, Column (3) ] the equation q = A k _- was used, The heat

input to the solid rods [Table F-If, Column (8-i0)] was calculated by using

the preceding equation. The terms of the equation are defined as follows:

A = cross-sectional area, ft 2, k = thermal conductivity, Btu/hr-ft-'R,

AT = difference in temperature, ° R, and AZ = length where AT occurs, ft.

The heat input through the vapor space [Table F-If, Column (4) ] was

determined by subtracting and is the heat transported through the interportion

of the heat pipe.

The beat inputs [Table F-If, Columns (5-7) ] from the equations were

calculated by the computer program defined in Chapter If. The apparent

contact angle (0) used in these calculations was zero degrees.
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The approximate thermal conductivity [Table F-II, Column (11)] was

obtained by comparing the heat inputs [Table F-H, Coluinn (2)] with the

heat inputs t:o the solid rods.

Table F-)L[ defines the baat inputs through the vapor space of Heat Pipe

Nos. 9, 10, lZ, and 16 if the heat input through the stainless steel cylinder

was not consi(]ered. These heat inputs were taken from Table F-II and

presented in Table F-IH for comparing L/D ratios, h_terpolation was used

since the exact temperature does not appear in Table F-II.

TABLE F-III. HEAT INPUTS THROUGH THE VAPOR SPACE OF FOUR

HEAT PIPES (ADIABATIC SECTION)

q for q for q for q for

IHeat Pipe D ._L T=200 ° F T=250 ° F_ T=300 ° F T=350 ° F
No. inches inches D Btu/hr Btu/hr Btu/hr Bt_t/hr

9 12 --i !24 92 1552

3
i0 12 _ 16 180 209 280

!. 4

i
16 12 I-_- 8 i12 200 288 330

12 i 12 3 4 230 399 498 541

Figure F-9 depicts the geometry for the heat pipes and solid rods for

determining heat inp_tts per pound. The solid rods are shorter in comparison °

to the heat pipes because larger heat pipes are needed to provide an area for

the heater.

Table F-IV summarizes the data required to determine the heat input

per pound for two heat pipes and two solid rods. The heat inputs through the

stainless steel cylinder (k = 10) and copper rods (k = 210) were taken from
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Table F-II. The volume of stainless steel or copper was calculated ush_g the

geometry shown in Figure F-9. The weight was computed by using the volume

with the density of stainless steel = 490 lb/ft 3 and the density of copper

= 559 lb/ft _.
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